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Silviculture

Development of Redwood Regeneration
after Conifer Partial Harvest and Hardwood
Management

John-Pascal Berrill, Lynn A. Webb®, Kristy L. DeYoung, Christa M. Dagley, Christopher G. Bodle, and
Sean M. Simpson

Harvesting of commercial conifer species from conifer-hardwood mixtures can leave residual stands dominated by hardwoods. Removing unwanted hardwoods by cutting or
herbicide makes growing space available to residual trees and regeneration and can restore conifer dominance. Forest managers of north coastal California need guidance on
how such treatments affect subsequent growth of planted redwoods (Sequoia sempervirens [D. Don.] Endl.) or natural regeneration, as well as proliferation of undesirable
species. Our observational study reconstructed growth of 108 regenerating redwoods in 26 treated stands. Residual stand density was the main driver of height and diam-
eter growth in the new cohort of redwoods, irrespective of whether hardwoods were cut or received herbicide frill treatment (prevents resprouting). At lower residual stand
densities, there were higher densities of natural regeneration (ingrowth) of conifers and hardwoods, which affected diameter at breast height (dbh) growth of regenerating
redwoods. After heavier cutting of hardwoods, this ingrowth comprised a greater proportion of unwanted hardwood regeneration. Therefore, frill treatment is recommended
when the objective of management is to reduce hardwood stocking and regeneration. Combining partial harvesting of conifers with cutting or frill reatment of hardwood is
another option that reduces stand density to promote height and dbh growth of regenerating redwoods.

Study Implications: Redwood is a valuable commercial species in California Coast Range forests, but its regeneration often competes with unwanted hardwoods. The
most influential solution is reducing stand density. Treatment choice is less influential, giving managers some flexibility. For example, stand density can be reduced by cutting
a mix of conifers and hardwoods, or by herbicide frill treatment of hardwoods to release conifers, or some combination of these two treatments. After cutting, hardwoods
resprout, leading to higher hardwood densities in the understory and slightly slower regeneration of redwood. Conversely, herbicide frill treatment promotes conifer dominance
by removing hardwood trees and regeneration.

Keywords: forest regeneration, herbicide frill treatment, Notholithocarpus densiflorus, Sequoia sempervirens, uneven-aged silviculture

has left many forests dominated by hardwoods of low eco-  2016). Hardwood treatment disturbances may also initiate regener-
nomic value. These hardwoods occupy growing space that  ation of a new cohort of conifers and hardwoods. By allowing more
could otherwise be used by valuable residual conifers and conifer  light to reach the understory, heavier removals are expected to en-
regeneration. Conifer tree growth can be enhanced by hardwood  hance development of regenerating tree seedlings (Palik et al. 1997,
removal (e.g., Hasenauer et al. 1997, Harrington and Tappeiner  Stancioiu and O’Hara 2006, Moores et al. 2007) and vegetative

H arvesting of commercial conifer species from mixed stands 2009, Olson et al. 2012, Bataineh et al. 2013b, Nelson and Bragg
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reproduction via stump sprouts or root suckers (Rydberg 2000,
Rong et al. 2013, Keyser and Zarnoch 2014). Forest managers
encountering an overabundance of hardwoods must decide how
many to remove and the appropriate method of removal to satisfy
the objectives and constraints of the landowner.

Methods of hardwood removal vary in terms of target tree size
limitations, cost, and desired outcomes. Unwanted hardwoods of
any size can be removed by cutting, whereas larger individuals can
be culled by stem injection of herbicides, termed “frill treatment”
(Ashton and Kelty 2018). Alternative approaches are available for
a limited range of conditions, such as the following: top killing
smaller thin-barked hardwoods using prescribed fire; basal bark ap-
plication of herbicide to young hardwoods or spraying of seedlings,
saplings, or cut stumps to prevent resprouting; girdling to leave cull
trees standing dead; or light cutting in anticipation of canopy clo-
sure that shades out intolerant hardwood sprouts initiated by the
cutting (Tu et al. 2001, Man et al. 2008, Ashton and Kelty 2018).
Girdling is rarely applied because it is labor intensive and difficult
to apply to multistemmed clumps of trees. Burning and herbicide
treatments are expected to be the least costly in most situations
(Dubois et al. 2001). Cutting is usually more time consuming and
costly and prone to hang-ups when hand felling trees grown at
high densities (Ashton and Kelty 2018). However, cutting offers
the flexibility of being feasible in any season using appropriately
sized hand tools or being accomplished using felling machinery
already present on site during mechanized harvests.

Hardwood treatments can be conducted as stand-alone
treatments or in tandem with partial harvesting of merchantable
trees (Berrill and Boston 2019). The singular treatment of removing
unwanted hardwoods is expected to alter species composition and
promote growth and vigor of residual trees and may make sufficient
growing space available for the development of a new cohort of mer-
chantable tree species. Harvest disturbances also increase available
growing space and can have the added benefit of promoting regen-
eration by exposing mineral soil (Tappeiner et al. 2007). Initiation
of a new cohort of trees enhances structural diversity, among other
changes (O’Hara 2014). Forests that were once dominated by coast
redwood (Sequoia sempervirens [D. Don.] Endl.) may be well suited
to these types of management interventions. Historically, frequent
disturbances including wind, flood, and fire at an average in-
terval of 6-25 years were not stand replacing, instead perpetuating
multiaged stands dominated by redwood (Lorimer et al. 2009).

Redwood is a long-lived, shade-tolerant species capable of
sustaining rapid stemwood volume growth through to advanced
ages (Sillett et al. 2020). When thinned, redwood stands respond
with increased tree diameter at breast height (dbh) increment
(Oliver et al. 1994, O’Hara et al. 2015, Dagley et al. 2018), es-
pecially on productive sites (Berrill and O’Hara 2014). After a
regeneration harvest, any redwood that regenerates naturally is
usually of stump sprout origin (Olson et al. 1990). When insuf-
ficient redwood stumps are present for regeneration, enrichment
planting of nursery stock is a widely practiced option (O’Hara et al.
2017). Redwood is most often found mixed with coast Douglas-fir
(Pseudotsuga menziesii var. menziesii [Mirb.] Franco) and the shade-
tolerant evergreen hardwood tanoak (Notholithocarpus densiflorus
[Hook. & Arn.] Manos, C.H. Cannon, & S. Oh). Tanoak grows
more slowly than redwood and Douglas-fir; therefore, lower stand
volume growth can be expected in areas where tanoak is more

common (Berrill and O’Hara 2016). Tanoak is ubiquitous because
it regenerates successfully under a wide range of environmental
conditions via stump sprouts and advance regeneration that is
released by disturbances (Tappeiner et al. 1990). Natural regen-
eration of Douglas-fir seedlings is less reliable, preferring moist
exposed mineral soil and being less tolerant of shade than tanoak
or redwood (Hermann and Lavender 1990). In multiaged stands,
height growth of young redwood stump sprouts is much greater
at lower residual stand densities, which allow for higher under-
story light levels (O’Hara et al. 2007, Berrill et al. 2018b). For any
given postharvest residual stand density, understory light declines
over the cutting cycle as canopy trees grow larger and occupy more
growing space, affecting the development of subordinate cohorts
(Chan et al. 2006). Therefore, managers seek compromise to pro-
mote both tree and stand growth in multiaged stands by controlling
stand density (Berrill and O’Hara 2009). Because of its potential
for rapid tree growth, high stand densities, productivity, and high
log prices, redwood is a good candidate for rehabilitation of forest
productivity and value within its native range (Valachovic and
Standiford 2017, Webb et al. 2017) and outside its native range
where Douglas-fir once dominated (Berrill et al. 2018a).

There is interest in rehabilitation of the conifer forests of north
coastal California, where tanoak is overrepresented, but there is no
consensus on the best approach (Piirto et al. 1997). Commercial
harvest of tanoak is not widely practiced because it has low market
value and because tanoak resprouting from cut stumps competes
with higher-value conifers (Harrington et al. 1991). Reduction
of tanoak densities by frill treatment with the forestry herbicide
imazapyr avoids difficulties associated with felling these trees
and prevents unwanted resprouting from cut hardwood stumps
(Minogue 1997). Imazapyr is currently considered the most ef-
fective herbicide for controlling tanoak (DiTomaso et al. 2004).
It does not appear to affect residual conifers or have any long-term
impacts on planted redwood seedling development (Minogue et al.
2000). Frill treatment leaves tanoak standing dead for several years
(Valachovic et al. 2011). Initially, the dead tanoak trees cast “dead
shade” associated with prolonged retention of foliage (Kuljian and
Varner 2010) and suppress the branch growth response of neigh-
boring residual conifers (Kirk and Berrill 2016). The dead tanoak
trees undergo a slow progression of leaf abscission followed by
branch and stem breakdown, in which biomass components grad-
ually fall piece by piece and transition to surface fuels on the forest
floor (Valachovic et al. 2011). In contrast, cut tanoak trees fall and
immediately become surface fuels in their entirety and a hindrance
to tree planting. Regardless of treatment type, tanoak removal
reduces stand density, which is expected to create a more fire-re-
sistant stand structure by promoting diameter growth and bark
thickness of the fire-adapted residual conifers (Sugihara et al. 2006,
Berrill et al. 2020). Berrill and Howe (2019) reported doubling of
redwood tree diameter growth over eight years following frill treat-
ment of tanoak in combination with partial harvesting of redwood
and Douglas-fir. Unknown is how the new cohort of redwood
sprouts or planted stock will respond to a combination of partial
harvesting and frill treatment of unwanted hardwoods.

The objective of this observational study was to quantify how
operational-scale tanoak removal treatments affected develop-
ment of the new cohort of redwood trees regenerating after the
treatment. To identify factors influencing growth rates of young
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redwood trees, we sampled across a range of stand densities and
treatment intensities. Other candidate variables were also assessed:
regeneration mode (redwood sprout versus individual seedling/cul-
tivar), hardwood treatment type (frill/cut), site quality (site index),
and ingrowth density. We hypothesized that height growth and di-
ameter growth rates of regenerating redwood focal trees would be
higher on better sites, at lower residual stand densities, and after
frill treatment as opposed to cutting of tanoak to the same residual
stand densities. We also hypothesized that ingrowth in the vicinity
of regenerating redwood focal trees would negatively affect their
diameter growth, and that the density and species composition of
ingrowth would depend on the type of tanoak removal treatment

applied.

Materials and Methods
Study Sites

We sampled 26 stands across four ownerships in north coastal
California, with one or more regenerating redwood focal trees
sampled in each stand. In Humboldt County, we sampled four
stands at Soper-Wheeler Company’s Little Pine Creek Forest on
Bald Hills Road, east of Redwood National Park and northeast of
Arcata, California. In Mendocino County, we sampled 15 stands
across Mendocino Redwood Company’s Navarro Tract east of
Ukiah, five stands on Jackson Demonstration State Forest, and two
stands managed by the Conservation Fund in the Big River Forest
along Highway 20 east of Fort Bragg, California (Figure S1). These
were the only sites known and accessible to us that met the selection
criteria of having received hardwood frill treatment or hardwood
cutting or both, with or without partial conifer harvest, and having
redwood regeneration associated with the hardwood treatment dis-
turbance (stump sprouts or planted redwood) that already had five
or more growth rings at breast height (i.c., greater than six years
old). Information on treatment type and date were furnished by the

landowners (Table S1).

Data Collection

Redwoods regenerating after the most recent hardwood removal
treatment were systematically sampled at 100 ft (32.8 m) intervals
while traversing each stand. We skipped any redwood trees with
form problems arising from damage such as broken tops or crooked
stems and instead selected the next closest individual. These red-
wood focal trees were coded as either individual stems (planted
seedlings or cultivars, or possibly naturally regenerated seedlings)
or the dominant sprout within a clump of redwood stump sprouts.
Each of the redwood focal trees was measured for dbh, height, and
live crown base height and cored at breast height to obtain breast-
height age and annual dbh growth. Individual stems were cored
again at ground line, and stump sprouts were cored as close as pos-
sible to their point of origin on the stump, for total age. A series
of concentric plots was established around each focal tree. The
1/100th ac (0.004 ha) inner plot gave tallies of regenerating trees
<4 in. (10 cm) dbh. The 1/10th ac (0.04 ha) outer plot captured
residual trees and cut stumps >16 in. (40.6 cm) dbh. The 1/20th ac
(0.02 ha) intermediate plot captured smaller residual trees and cut
stumps and herbicide-killed hardwoods measured for dbh where
possible or stcump diameter at one foot (30 cm) above ground if not
measurable at breast height. Residual trees greater than four inches
(10 cm) dbh were measured for dbh and distance from plot center
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and cored at breast height allowing us to subtract recent growth
and estimate dbh at the time of treatment. Height measurement
and bark-to-pith cores of dominant trees gave breast-height age for
site index estimation.

Data Compilation and Analysis

Data were summarized for each focal-tree plot giving metrics
of stand density and average dbh for all trees greater than four
inches dbh at the time of treatment (i.e., cut or frill treatment of
hardwoods, with or without partial conifer harvest). This required
removal of data for a few small trees outside the 1/100th ac plot
that were greater than four inches dbh at the time of measurement
in 2018 but, after subtracting recent growth, were below the four
inch dbh cutoff at the time of treatment. Using measured stump
diameter data, stump diameter-to-dbh models (Howe 2014) gave
estimates of dbh at the time of harvest for all cut conifer stumps
and dbh at the time of treatment for herbicide-killed hardwoods
when stem breakage or decay prevented direct measurement of
dbh. Stand density index (SDI) was calculated using the sum-
mation method (Shaw 2000). The ratio of basal area (BA) before
and after treatment gave treatment intensity. The ratio of hard-
wood BA before and after treatment gave hardwood treatment in-
tensity. Redwood site index was estimated using the Wensel and
Krumland (1986) equation applied in plots with suitable residual
redwood trees. In plots with Douglas-fir but not redwood residual
trees, King’s (1966) Douglas-fir site index was estimated then con-
verted to redwood site index using an equation provided by Wensel
and Krumland (1986). Both site index equations use a base age of
50 years at breast height (4.5 ft, 1.37 m). Tallies of trees less than
four inches dbh, hereafter referred to as “ingrowth,” were square
root transformed to reduce skewness in their distribution, in which
many plots had low tallies and a few plots had very high ingrowth
density in terms of trees per acre (TPA).

Redwood focal tree increment cores gave breast-height age for
analysis of height-age relationships and a five-year average dbh
increment soon after the tree had surpassed breast height but ex-
cluding the ring closest to the pith. In a few cases, a four-year
average dbh increment was calculated because the fifth ring only
represented a fraction of the 2018 growing season (i.e., cores col-
lected early summer 2018). The approximate time taken to reach
breast height was the difference between ring counts at ground line
or stump height and breast-height age. Ring counts and ring widths
were estimated using WINDENDRO (Regent Instruments) and
then visually checked and manually cross dated. The dbh incre-
ment data were square root transformed to reduce skewness in their
distribution.

Statistical analysis involved generalized linear regression (GLM)
analyses of the following five dependent variables for each redwood
focal tree: total height, height-diameter ratio, dbh increment, in-
growth density, and proportion of ingrowth that was tanoak. The
GLM analyses were adopted to accommodate a mix of categorical
and continuous independent variables. Candidate independent
variables tested for inclusion in each model included two binary
categorical variables representing type of regeneration (tallest
sprout or individual stem) and treatment type (cut or frill) and five
continuous variables: age of regeneration in terms of either time
since treatment (effective age) or breast-height age, residual stand
density (TPA, BA, or SDI), treated BA (per acre or percent, by
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treatment type), species composition in terms of pretreatment per-
cent hardwood BA, and site quality (redwood site index). Nonlinear
regression analysis of height data was adopted because residuals
from GLMs exhibited curvature. This involved fitting power
functions of height-age with and without intercept and/or expo-
nent modifiers representing candidate explanatory variables. Model
selection was based on goodness of fit in terms of root-mean-square
error (RMSE), after ensuring that residuals did not exhibit cur-
vature when plotted against predicted values and each continuous
independent variable, checking variance inflation factors (VIF)
for evidence of collinearity and only considering models with re-
alistic predictions across the range of data collected. These model
predictions were plotted to show relationships between young red-
wood height or dbh increment and stand density and any other
influential variables, informing managers of the stand conditions
needed to obtain the desired growth rate for their regenerating
redwoods. Plots of ingrowth model predictions depicted trends as-
sociated with influential predictor variables. Minitab 19 statistical
software was used for model fitting. Minitab GLM model output
included a pseudo r-square goodness-of-fit coefficient of determi-
nation calculated as follows: 1 — error sum of squares/total sum of
squares (Minitab 2019).

Finally, the predictive models of height:diameter ratio, dbh in-
crement, and ingrowth were applied in combination to simulate
different hardwood treatment scenarios. Simulations were initiated
using age-5 height estimates for redwood stump sprouts growing at
different SDI retention levels in a replicated experiment on Jackson
Demonstration State Forest (Muma 2019). These age-5 height and
SDI values were used to predict age-5 dbh from the height:diameter
ratio model. This dbh value was grown forward to age 15 using
our dbh increment model based on inputs of SDI and predicted
ingrowth. These model simulations allowed for comparison of
outcomes in terms of redwood stump sprout dbh and ingrowth
density, as well as species composition 15 years after different types
and intensities of treatment. A “low-stocking” scenario involved
125 ft*/ac conifer BA being reduced to 75 ft*/ac by partial har-
vest, and a “high-stocking” scenario involved 210 ft*/ac conifer BA

being reduced to 135 ft*/ac by partial harvest. Both scenarios also
involved tanoak treatments of varying intensity applied to some
or all the 90 ft*/ac pretreatment tanoak BA. Finally, a range of co-
nifer harvest retention scenarios were simulated with three levels of
tanoak treatment intensity (0, 50, or 100 percent) in a redwood-
dominated stand with 240 ft*/ac conifer and 90 ft*/ac tanoak prior
to treatment. In all scenarios, untreated residual tanoak trees were
left standing or cut and resprouted for comparison.

Results

Some or all hardwoods were treated with herbicide in 74 per-
cent of the 108 focal-tree plots. In the remaining 26 percent of
plots, some or all hardwoods were cut at the time of partial co-
nifer harvest. Redwood stump sprouts comprised 71 percent of
the regenerating redwoods sampled (n = 77), with the remainder
comprising 20 cultivars, 4 planted seedlings, and 7 individual stems
of unidentified origin (grouped together and labeled “individuals”).
The time taken to reach 4.5 ft (breast height) for dominant sprouts
averaged 1.3 years, and individual stems averaged 3.6 years, across
the broad range of residual stand densities, site index, harvest inten-
sity, and hardwood treatment intensities sampled (Table 1).

Height Growth

The nonlinear regression analysis of redwood height-age
data indicated that height of regenerating redwoods according
to time since treatment (effective age) was greater on better
sites (i.e., higher site index) and greater among stump sprouts
than individual stems (Figure 1A). Once the young redwoods
surpassed breast height, patterns of height growth changed;
a different nonlinear model representing the height-age rela-
tionship—between height and breast-height age, not effective
age—indicated that height increment no longer differed be-
tween sprouts and individuals but continued to be related to
site quality and had become negatively affected by stand density
(Figure 1B, C). Regression model predictions of height based on

breast-height age were more precise (average prediction error in

Table 1. Summary data for regenerating redwood focal trees (n = 108) and the plot surrounding each redwood assessing competition and
treatment intensity (n = 764 trees, n = 1,071 stumps). BA, basal area; dbh, diameter at breast height; QMD, quadratic mean diameter;

SDI, stand density index; TPA, trees per acre.

Mean Standard Deviation Minimum Maximum
Focal tree dbh (in.) 3.5 1.6 1.0 7.6
Height (ft) 21.4 9.5 9.2 65.2
dbh increment (in./year) 0.37 0.17 0.08 0.88
Total age (years) 10.6 4.0 6.0 19.0
Breast-height age (years) 7.4 3.8 4.0 20.0
Years to reach breast height 2.1 1.6 0.0 6.0
Stand data Pretreatment QMD (in.) 12.5 4.8 5.5 26.6
Pretreatment BA (ft*/ac) 298 166 72 856
BA residual stand (ft*/ac) 143 124 0 566
BA cut (ft*/ac) 80 96 0 510
Hardwood BA treated (ft*/ac) 72 96 0 549
Cut hardwood BA (ft*/ac) 19 47 0 266
Residual hardwood BA (ft*/ac) 21 40 0 200
Hardwood BA cut or treated (%) 86 23 0 100
Hardwood BA treated (%) 59 44 0 100
TPA postharvest 117 88 0 360
SDI postharvest 200 160 0 685
Redwood site index (ft) 105 14 80 135
Ingrowth 0—4 in. dbh (TPA) 2,355 2,454 100 14,100
Tanoak ingrowth 0—4 in. dbh (%) 31 31 0 100
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Figure 1. Predicted height (HT) of regenerating redwoods according to time since treatment (effective age, years) for compar-
ison of individual redwood stems versus sprouts at different levels of redwood site index (SI) where HT = 3.75683years-3518? + 0.003

05431 4 2.60819sproutl0,1] (A) and height according to breast-height age (BHA) and stand density index (SDI) (B) or SI (C), where

HT = 7.10464BHA[—0-38332-+0.0068085/—0.00061 1(0.0015D/)?

+4.5, and height:diameter model predictions of height as a function SDI for

sprouts or individual redwood regenerating after partial cutting and/or hardwood treatment, where sprout HT = dbh(4.857 + 0.0022SDI)

+ 4.5, and individual HT = dbh(3.813 + 0.0022SDI) + 4.5 (D).

terms of RMSE = 4.1 ft) than predictions based on effective age
(RMSE = 6.8 ft) (Table S2).

Three predictor variables explained 29 percent of the vari-
ation in height:diameter ratio of regenerating redwood stems
in a GLM. This analysis indicated that height:diameter ratio
was higher (i.e., taller for any given dbh) with advancing size,
at higher stand densities, and among sprouts versus individual
stems (Table S3). For any given tree height, individual redwoods
had greater dbh than the dominant sprout within clumps. Among
regenerating redwoods with the same dbh, those experiencing
higher residual stand densities will be taller for a given dbh,
and stump sprouts will be taller than individuals (Figure 1D).
To convert SDI to BA for implementation of our results, re-
sidual tree dbh information is needed. For example, 200 SDI is
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equivalent to 109 ft*/ac BA with 10 in. average dbh, or 181 ft*/
ac BA with 36 in. average dbh.

Diameter Growth

Five-year average dbh increment data represented average an-
nual dbh growth for redwoods soon after they had surpassed breast
height, after treatments implemented from 1999-2012. Given
that time taken to reach breast height ranged from less than one
year to six years, dbh increment data fall within a 17-year study
period: 2000-2017. The GLM regression analysis indicated that
redwood dbh increment was lower at higher stand densities. Stump
sprouts exhibited greater dbh increment than individual stems,
and ingrowth density had a negative impact on dbh increment of
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Figure 3. Total ingrowth trees per acre <4 in. dbh (TPA; all species
combined) predicted by stand density index (SDI) and hardwood
treatment intensity in terms of percent hardwood BA receiving
frill treatment (HWBAUrt%). Ingrowth TPA = [76.9 - 1.364SDI*5 -
19.13(0.0 THWBAIr%)°3]2.

regenerating redwood (Figure 2). The dbh increment data exhibited
high variability, leading to relatively imprecise model predictions for
individual redwoods (RMSE = 0.158 in./year; pseudo R* = 0.06)
(Table S3).

Ingrowth

Regression model predictions indicated that there was less
ingrowth (of all tree species combined) at higher retention
densities and when a greater proportion of the hardwood BA

received frill treatment (Figure 3). These two predictor variables
only explained 19 percent of the variability in ingrowth TPA,
indicating that ingrowth density exhibited a high degree of spa-
tial variability.

Different variables predicted tanoak ingrowth after frill treat-
ment versus cutting of hardwoods, necessitating development
of separate tanoak ingrowth models. Both models predicted an
increase in the proportion of tanoak among total ingrowth (all
species), suggesting that tanoak exhibited continuous recruitment
(Figure 4). The proportion of ingrowth that was tanoak was much
smaller after treatments where a greater proportion of hardwoods
received frill treatment and when higher stand densities were
retained (Figure 4A, B). When more tanoak BA was cut, creating
more resprouting tanoak stumps, a greater proportion of the total
ingrowth was tanoak (Figure 4C, D). A consequence of high vari-
ability in the species composition of ingrowth was imprecise GLM
regression model predictions for the proportion of ingrowth that
was tanoak after frill treatment (RMSE = 0.30, pseudo R = 0.06)
and after hardwood removal by cutting (RMSE = 0.29, pseudo
R =0.12) (Table S3).

Management Outcomes

To show the influence of stand and treatment variables, we
applied our regression equations in combination to predict red-
wood sprout diameter 15 years after a range of treatment types and
intensities. These simulations indicated that residual stand density
was the main determinant of redwood sprout development. The
type of hardwood treatment had negligible effect on height or dbh
increment of regenerating redwoods; their growth was enhanced
almost as much by cutting some or all the tanoak as by tanoak frill
treatment. Nevertheless, greater ingrowth of tanoak was the unde-
sirable consequence of cutting tanoak instead of treating it, as well
as the consequence of low conifer retention levels. However, lower
retention levels led to more rapid redwood sprout development
over a 15-year cutting cycle overall, because the impact of ingrowth
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Figure 4. Tanoak ingrowth (count of stems <4 in. dbh) predicted as a proportion of total ingrowth by residual stand density index (SDI) and
hardwood treatment intensity in terms of percent hardwood BA receiving frill treatment (HWBA#ri%) over time since treatment (years; A, B),
or by stand density index (SDI) and hardwood treatment intensity in terms of hardwood BA cut (HWBAcut) over time since treatment (C, D).
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on redwood was outweighed by the stronger influence of residual
stand density (Figure 5).

Discussion

Our retrospective observational study of regeneration in
multiaged stands revealed that residual stand density was the
main driver of height and dbh increment in the new cohort of
redwoods. Regenerating redwoods grew more slowly under higher
residual stand densities, consistent with other redwood regeneration
studies (O’Hara et al. 2007, O’Hara and Berrill 2010, Berrill et al.
2018a, 2018b). High stand density also affected dbh growth more
than height growth of regenerating redwoods, leading to higher
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height:diameter ratio. For example, our analysis indicated that a
redwood sprout regenerating after partial harvesting to retain 350
SDI (35 percent relative density) would be 27 ft (8.2 m) tall when it
reached 4 in. (10 cm) dbh, which is 13 percent taller than an open-
grown 4 in. dbh sprout (height 24 ft, 7.3 m). Greater slenderness at
higher stand density is consistent with data for conifers in Montana
(Wonn and O’Hara 2001), boreal mixed-wood forests (Wang et al.
1998), and redwood in even-aged stands (Berrill et al. 2012).
Predicting the height of regenerating redwoods according
to the time since treatment using our model of height-to-
effective age integrated any regeneration delays or establish-
ment problems into the height estimates. The pronounced
difference in height-age relationship between sprouts and
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Figure 5. Redwood stump sprout diameter at breast height (dbh) and ingrowth trees per acre (TPA) 15 years after treatment in hypothet-
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or 50 or 100 percent tanoak frill treatment, assuming 16-in. residual conifer dbh when converting residual conifer BA to stand density

index (SDI) values needed to obtain model predictions.

individuals is consistent with Jameson and Robards (2007) who
reported much faster early height growth of redwood sprouts
compared with seedlings planted in the same stand. Forrester
et al. (2014) also recorded faster height growth of sprouts than
seedlings over four years following gap creation. In addition to
studying initial posttreatment height growth, we also studied
height development of regenerating redwood trees after they
had attained breast height, using height data and breast-height
age data from increment cores. This analysis sought to exclude
the initial regeneration period in which variability in early de-
velopment is introduced by factors such as planting effects, or

when young redwoods sustain top damage (e.g., from browsing
animals), or when sprouts have varying access to stored energy
or limiting resources and grow at different rates (Wiant and
Powers 1967, O’Hara et al. 2015). After this initial regeneration
period, the height growth of redwoods became strongly affected
by stand density, and to a lesser extent site quality in terms of
site index, but no longer differed between sprouts and indi-
vidual redwoods. This suggested that redwood stump sprouts
only exhibit faster height growth than individual redwoods for
a short period, at the initial regeneration stage, and during this
time they gain a lasting superiority in total height.
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The only measurable difference between cutting and frill treat-
ment of hardwood was in terms of competitive interactions between
regenerating redwoods and neighboring ingrowth. Specifically, in-
growth had a negative impact on the dbh growth of the new cohort
of redwoods. This is consistent with Helgerson (1990) who re-
ported better growth of Douglas-fir seedlings after hardwood con-
trol, Harrington et al. (1991) who measured reduced dbh growth of
Douglas-fir in competition with tanoak, and Berrill et al. (2018a)
who found planted redwoods growing more slowly in the vicinity
of resprouting hardwood stumps. This does not agree with Devine
and Harrington (2008) who did not detect any impact of under-
story vegetation on Douglas-fir sapling growth in partial shade
despite measuring soil moisture depletion caused by the under-
story. In our study, ingrowth had similar or lower stature than the
regenerating redwoods, so we assume the ingrowth was competing
principally for below-ground resources such as soil moisture.

More ingrowth, and a greater representation of hardwood in-
growth, was found at lower residual stand densities. This is con-
sistent with Olson et al. (2014) who discovered taller conifer
regeneration and an increase in hardwood ingrowth following
heavier cutting in the northeastern USA. Kuehne et al. (2015)
linked higher rates of ingrowth to climate, topography, and, most
importantly, lower relative density associated with commercial
thinning in second-growth Douglas-fir. Similarly, O’Hara et al.
(2015) measured more ingrowth after heavier precommercial thin-
ning in redwood-dominated stands, where ingrowth was making
a major contribution to stand volume increment. Our ingrowth
data (trees less than four inches dbh) were not part of stand den-
sity calculations (trees more than four inches dbh), but over time
we expect ingrowth to occupy more growing space and compete
increasingly with redwood trees and regeneration. Such effects will
vary spatially within and among stands in accordance with variable
densities of ingrowth, consistent with reports of patchy ingrowth
promoted by thinning to uniform spacing (Chan et al. 2006) and
variable-density thinning (Dodson et al. 2014, Dagley et al. 2018).
High variability in density of natural regeneration is accompanied
by variability in its species composition. The heterogeneity in-
herent in postdisturbance regeneration patterns is likely due to
multiple interacting factors, such as variations in germination sub-
strate (Raymond et al. 2000) and the influences of overstory and
understory vegetation on environmental conditions at the forest
floor (Raymond et al. 2006, Bataineh et al. 2013a).

A limitation of our study design was that any hardwood treat-
ment responses may have been confounded with site quality. Berrill
and O’Hara (2014) found a negative correlation between tanoak
composition and redwood tree dbh growth but could not discern
whether tanoaks negatively affected redwood growth or whether
tanoaks were simply more common on poorer sites where, coinci-
dentally, redwoods grew more slowly with or without tanoaks. We
found a negative correlation between redwood site index and per-
cent hardwood BA before treatment (&2 = 0.17), which indicated
that poorer sites tended to have more hardwood. In practice, this
may have prompted managers to remove more hardwoods or trig-
gered a decision to implement frill treatment when hardwoods were
numerous instead of cutting hardwoods or leaving them standing.
Confounded and misleading results could arise if poorer sites in-
deed tended to receive more hardwood treatment, leading to the
new cohort of redwoods growing more slowly because of low site
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quality as opposed to treatment type or intensity. We tested for
evidence of this problem by regressing redwood site index against
treatment intensity in terms of percent hardwood BA removed, ei-
ther by cutting or frill treatment (&* < 0.001) or by frill treatment
alone (R* = 0.30). With 30 percent of the variation in frill treatment
intensity explained by site index, we concluded that, on average, a
greater proportion of hardwoods on poorer sites had received frill
treatment. This potential problem with our observational study
suggested that manipulative experimentation was needed to test for
more subtle effects of hardwood control decision variables such as
proportion of hardwood treated while holding constant other in-
fluential variables such as stand density, species composition, and
site quality, which are known to be highly variable at small spatial
scales in this forest type (Berrill and O’Hara 2015). Another note-
worthy limitation of our study was the inherently high variability
in our data for regenerating redwoods, and hence low proportion
of variability explained by regression models, especially our models
of dbh increment and species composition of ingrowth. Therefore,
predictions from these models should only be regarded as indicative
but represent the best available information until additional data
become available.

In summary, frill treatment of hardwood trees reduced residual
stand density, which allowed for more rapid height growth and dbh
growth of regenerating redwoods. A similar response was achieved
when stand density was reduced by cutting the hardwood or by
applying a combination of treatments in which some hardwoods
received frill treatment and the others were cut. The principal dis-
advantage of cutting in lieu of frill treatment was the higher den-
sity of ingrowth subsequently found surrounding the regenerating
redwoods (tallied within a 12 ft radius) and therefore reducing their
dbh growth. Less ingrowth was tallied in areas that had received
hardwood frill treatment, and a lower proportion of this ingrowth
was tanoak, suggesting that the frill treatment had both immediate
and lasting benefits for landowners interested in restoration of co-
nifer dominance. A compromise could be made in which some
but not all hardwoods receive frill treatment while the remaining
hardwoods are retained in the residual stand. In this case, we expect
less hardwood ingrowth at higher residual stand densities and when
fewer hardwoods are cut and resprouted. Unfortunately, the trade-
offs would include slower growth of regenerating redwoods and
slower conversion to conifer dominance when fewer hardwoods are
removed.

Supplementary Materials
Supplementary data are available at Forest Science online.
Supplement 1. Study location map, treatment information
table, and regression output.
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