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Interactions between thinning and bear damage complicate restoration 
in coast redwood forests

Kevin L O’Hara (1), 
Lakshmi Narayan (1), 
Lathrop P Leonard (2)

Silviculture was used to direct the development of young redwood stands to-
ward old forest stand structures. Two variable-density thinning treatments and
an unthinned control treatment were monitored for 10 years following treat-
ment in young coast redwood (Sequoia sempervirens) stands in northern Cali-
fornia, USA. The intent of these treatments was for forest restoration by ac-
celerating the development of old forest features. The thinning treatments in-
creased  individual  tree  growth  in  both  low and  moderate  density  thinning
treatments as compared to the control. The variable-density thinning also re-
sulted in greater stand structural variability and was successful at increasing
the relative proportion of redwood. Black bears (Ursus americanus)  caused
major damage to residual trees and showed a preference for more vigorous
trees. Most of this damage occurred in the first four years after thinning. The
confounding effects of thinning to favor larger trees and bear damage prefer-
entially affecting more vigorous and large trees reduced the effectiveness of
these treatments by eliminating the stems intended to form the future old for-
est structures. It also indicates forest managers need a conservative approach
that leaves greater numbers of residual trees in redwood stands when bears
are  present.  Thinning  should  leave  sufficient  trees  to  form the  old  forest
structure plus ample allowances for bear-caused mortality. The long-term out-
come of stand development in these thinned redwood forests is uncertain be-
cause of high rates of mortality in young trees.

Keywords: Sequoia sempervirens, Restoration, Variable-Density Thinning, Pre-
commercial Thinning, Silviculture, Ursus americanus

Introduction
Coast  redwood  (Sequoia  sempervirens

[Lamb. ex D. Don] Endl.) forests are noted
for their large sizes, the great ages of indi-
vidual  trees,  and  the  magnificent  struc-
tures  these forests form. However,  much
of the range of redwood was harvested by
the  end  of  the  20th century  (Fox  1996).
These  harvested  forests  are  at  various
states  of  regrowth from these  initial  har-
vests, or multiple harvests, and have expe-
rienced  a  range  of  management  treat-
ments including prescribed burning, plant-
ing,  and  thinning.  Many  thousands  of
hectares of cutover forest have been con-
verted to protected areas as national, state
or local parks. These cutover forests were

often regenerated in ways that  increased
uniformity  in  spatial  patterns  and  age
structures.  Many  stands  were  also  inten-
tionally  re-established  to  reduce  the  pro-
portion of  redwood.  At  present,  many of
these  stands  consist  of  high  densities  of
relatively small trees, a less than desirable
species  composition,  and  slow future  de-
velopment due to high density (O’Hara et
al. 2010, 2017). A common management ob-
jective in these protected areas is restora-
tion towards old forest structures.

In  contrast  to  these  young  forests,  old
redwood forests have low densities, domi-
nance  by  redwood,  and  multiaged  stand
structures (Lorimer et al.  2009,  O’Hara et
al.  2017).  Spatial  patterns  are random for

old trees and clumpy for smaller trees (Da-
gley  2008,  Van  Mantgem  &  Stuart  2012).
Clonal  reproduction  in  redwood  leads  to
unusual  spatial  patterns  with  clumpy pat-
terns of stems, but old forest stands typi-
cally  consist  of  many  clones  (Narayan
2014).  Individual  trees can be several  me-
ters in diameter, reach heights over 110 m,
and can live over 2,000 years (Olson et al.
1990,  Noss 2000). Biomass can exceed 3.0
× 107 kg ha-1 with basal areas over 250 m2

ha-1 (Busing & Fujimori 2002, Jones & O’Ha-
ra 2012, Van Pelt et al. 2016). Hence young
stands have little  resemblance to  the  old
forests  they  are  intended  to  emulate
through restoration.

Restoration  in  young  redwood  stands
builds  on well-developed silvicultural  con-
cepts related to density control and its ef-
fect on tree size and stand structural devel-
opment.  Previous  studies  have  demon-
strated  the  potential  to  increase  tree
growth by decreasing tree density, and the
importance of  artificial  thinning as a den-
sity  reduction  tool,  including  in  redwood
stands  (Oliver  et  al.  1994,  Linquist  2007,
Webb et al. 2012,  O’Hara et al. 2010,  2015,
2017, Dagley et al. 2018). Restoration treat-
ments in redwood are complicated by the
objectives of developing stands that emu-
late natural old forest structures  – a proc-
ess that took centuries  – and doing so as
rapidly  as  possible.  These  objectives  are
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best  achieved  by  encouraging  the  attain-
ment of  rapid  rates  of  tree  increment  to
achieve  large  tree  sizes,  heterogeneous
spatial  patterns  of  trees,  and  heteroge-
neous tree sizes. This also includes increas-
ing  the  proportion  of  redwood  to  more
closely  emulate  the  old  forest  features
present before harvest (O’Hara et al. 2017).
Hence,  these objectives are primarily met
by  lowering  density  to  increase  tree
growth and creating irregular  spatial  pat-
terns.

An additional factor that complicates red-
wood  restoration  is  black  bears  (Ursus
americanus Pallas)  which  damage  and
sometimes  kill  redwood  stems  in  some
parts  of  the  natural  range  of  coast  red-
wood (Giusti 1990, Russell et al. 2001, Perry
et al. 2016). These bears remove the bark
to  eat  the  cambium,  thereby  severing  or
partially  severing  the  cambial  connection
between the roots and the crown (Fig. 1).
Bears can cause significant economic loss
in  young  commercial  forests  (Kline  et  al.
2018).  Redwood  trees,  because  of  their
sprouting  ability  (Powers  &  Wiant  1970,
Cole  1983,  O’Hara  & Berrill  2010),  can  re-
sprout  from  below  the  bole  damage  to
form new stems. This often produces mul-
tiple-stemmed trees that will grow to even-
tually  reach sizes that are also vulnerable
to bears. The bears apparently prefer red-
wood  over  other  species,  trees  that  are
more vigorous (e.g., higher sugar content
in the cambium), and smaller trees (10 - 60
cm dbh – Kimball et al. 1998,  O’Hara et al.
2010,  Perry et al. 2016,  Dagley et al. 2018).
Restorative thinning treatments can there-
fore  potentially  exacerbate  bear  damage
by  increasing the  proportion  of  redwood
and increasing the vigor of residual trees.

In the most extreme cases, bears may re-
peatedly damage stands thereby reducing
the probability of any tree reaching a large
size  and  forming  long-term  structures  of
many smaller trees. This outcome is poten-
tially  the  opposite  of  the  desired  stand
structure  intended  to  result  from  these
restoration treatments.

Several operational and research field tri-
als have been implemented in young coast
redwood stands to examine alternate tra-
jectories to achieve restoration objectives
(Keyes et al. 2010, O’Hara et al. 2010, Tera-
oka & Keyes 2011). These trials used an as-
sortment of  protocols  to achieve variable
spatial patterns using variable-density thin-
ning (VDT). VDT attempts to enhance stand
variability  by  thinning  in  different  ways
within a single stand (Carey 2003,  O’Hara
et al. 2012). However, designing a VDT pre-
scription protocol to enhance variability in
a systematic way creates other difficulties.
For example, some previous trials were ef-
fective  in  enhancing  variability,  but  were
difficult  to  implement,  whereas  others
were easy to implement but were not as
effective for increasing stand heterogene-
ity (O’Hara et al. 2012). None of these trials
have been followed for more than a  few
years  and  therefore  results  to  date  have
been preliminary.

In  this  analysis,  we evaluated the effec-
tiveness  of  VDT  after  ten  years  in  young
stands using two different thinning treat-
ments and an untreated control.  The Mill
Creek restoration project  was  implement-
ed as a research study in 2004 and previ-
ously reported after four years (O’Hara et
al. 2010). Results indicated thinning was ef-
fective  for  accelerating  diameter  growth
rates  and  enhancing  size  variability  four
years after VDT. However, bear damage to
redwood trees approached 10% per year in
some  of  the  heavier  thinning  treatments
(O’Hara et al. 2010). That rate of damage, if
it continued, would negate any growth ad-
vantage to the thinning as trees favored in
thinning may be subsequently and repeat-
edly  damaged  by  bears.  Additionally,  the
sprouting  response  from  damaged  red-
wood  stems  often  results  in  multiple
sprouts that negate the intent of the thin-
ning  treatments  by  increasing  total  den-
sity. However, four years is insufficient pe-
riod  to  assess  these  treatments  when
stand development is expected to proceed
for centuries.

In this reanalysis ten years following thin-
ning, we pursued the following objectives:
(i) examine the effects of VDT on density
and tree increment (dbh, height, volume);
(ii)  examine  the  effects  of  VDT  on  struc-
tural diversity (density and species); (iii) ex-
amine  the  rate  and  significance  of  bear
damage in thinned stands; (iv) analyze the
tradeoffs between reducing density which
accelerates size development, and increas-
ing  bear  damage  which  increases  stem
density  and slows size  development;  and
(v)  make recommendations  on  future  re-
storation thinning in redwood.

Methods

Study area
The study was located at Del Norte Coast

Redwoods State Park (DNCRSP – formerly
the Mill Creek property) in Del Norte Coun-
ty,  California,  USA (41.733  N,  124.083  W).
The  study  area  was  approximately  5  km
from the Pacific coast on a highly produc-
tive site. The previous industrial  owner of
this property clearcut most of the property
and  replanted  using  predominantly  coast
Douglas-fir  (Pseudotsuga  menziesii [Mirb.]
Franco var.  menziesii).  Most  stands domi-
nated by conifers on the 10,120 ha property
were  established  in  the  1980s  and  1990s
and were planted at relatively high densi-
ties  (approx.  1000  to  1800 trees  ha-1)  for
commercial  timber  production (O’Hara  et
al. 2010).

California  State  Parks  (CSP),  the  agency
responsible for management of DNCRSP, is
restoring  the  property  to  encourage  the
development of old forest features in red-
wood stands (such as large trees, diverse
stand structures, dominance by redwood,
etc.),  and reducing live fuels.  Restoration
therefore  involves  increasing  the  propor-
tion of redwood in young stands, reducing
density to accelerate tree growth, and en-
couraging rapid development of old forest
features.  The  thinning  program  is  a  key
component of these restoration objectives
because  of  its  effect  on  stand  develop-
ment, species composition, live fuels,  and
other resource concerns related to wildlife
habitat.  Revenue  generation  from  thin-
nings  is  not  a  priority  for  DNCRSP:  how-
ever,  the  high  cost  of  thinning  and  bud-
getary  constraints  represent  long-term
constraints to achieving restoration objec-
tives.

Experimental design
The thinning study was replicated in three

locations or study areas within a linear dis-
tance  of  approximately  2  km.  Each study
area  was  in  a  mixed  coast  redwood  and
Douglas-fir plantation established between
1988 and 1991 that ranged from 7 to 22 ha
in size. The Douglas-fir in these stands was
mostly  planted  on  regular  spacings  after
clearcutting.  Redwood  regeneration  in-
cluded sprouts from cut stumps, damaged
small trees, or roots. There was also natu-
ral seedling recruitment, primarily of Dou-
glas-fir (O’Hara et al. 2010). Site quality was
high  with  Douglas-fir  site  index  ranging
from 39.6 to 42.7 m (50 yr base – Krumland
& Eng 2005). Two study areas, “Child’s Hill”
and “Moratorium” were divided into eight
treatment  areas.  The  third,  “Cougar
Ridge”, was smaller and was divided into
three treatment areas (O’Hara et al. 2010)

The two thinning treatments and an un-
thinned  control  were  assessed.  Thinning
treatments  included  a  low  density  treat-
ment with a target post-thinning density of
125 trees ha-1 that was designed to reduce
the stand to the desired density in a single
operation.  A  moderate  density  treatment
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Fig.  1 -  Damaged  redwood  stem  (ap-
prox.  35 cm diameter  before damage)
from black bears.
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Black bears and restoration thinning

with a target of 250 trees ha-1 was designed
as  the  initial  operation  of  several  steps
over  subsequent  decades  to  achieve  the
desired density. The two treatments there-
fore represent “one-step” and “multistep”
options for directing stands on trajectories
to  their  target  restored  stand  structures.
Because of concern over these densities, a
50% long-term allowance for mortality was
assumed and post-thinning densities were
adjusted upwards  to 185 trees  ha-1 in  the
low density and 371 trees ha-1 in the moder-
ate  density  treatment.  At  Child’s  Hill  and
Moratorium,  four  treatment  areas  were
randomly  assigned  to  the  low  density
treatment, and two each to the moderate
density and control treatments (Fig. 2). Ad-
ditional treatment areas were assigned to
the low density treatment because greater
variation  in  stand  structure  was  antici-
pated.  At  Cougar  Ridge,  one  treatment
was randomly assigned to each area.

Variable-density thinning for this research
study required marking trees for removal
to  provide  randomization  of  horizontal
spatial  patterns  of  trees  within  plots  but
consistent  application  between  plots.  To
achieve this, the 2003 marking protocol re-
quired the tree-marker visualize an area of
the stand, or a cell,  equal to the average
area  available  per  tree  given  the  target
post-thinning densities.  The cell  was 1/125
ha  or  80m2 in  the  low  density  treatment
and  1/250  ha  or  40  m2 for  the  moderate
density treatment. A random number from
1 to 4 was assigned to each cell based on a
roll  of  a  single  die  and  represented  the
number of  retained trees except rolling a
“4” indicated no retention thereby creat-
ing a small gap and numbers “5” and “6”
were  ignored.  As  the  tree-marker  moved
from cell to cell, a variable density thinning
resulted with  an average of  1.5  trees  per
cell  (O’Hara et al.  2010). Species priorities
for  retention  in  decreasing  preference
were redwood, then alternate conifer spe-
cies  such as  Sitka spruce (Picea  sitchensis
[Bong.]  Carr.),  western  hemlock  (Tsuga
heterophylla [Raf.] Sarg.), grand fir (Abies
grandis [Dougl.  ex  D.  Don]  Lindl.),  and
western redcedar (Thuja plicata Donn ex D.

Don),  then  coast  Douglas-fir,  and  various
broadleaved  species  such  as  tanoak  (No-
tholithocarpus  densiflorus [Hook.  &  Arn.]
Rehd.), Pacific madrone (Arbutus menziesii
Pursh),  and California  laurel  (Umbellularia
californica [Hook. & Arn.] Nutt.). The tallest
tree or trees for a given species within a
cell were retained regardless of spatial po-
sition or tree form to further accelerate the
process  of  old  forest  structure  develop-
ment  and  avoid  dysgenic  selection.  No
commercial wood products were removed
and  all  thinning  debris  was  left  on  site
(O’Hara et al. 2010).

In 2004,  three plots were established in
each  treatment  except  in  the  larger  low
density  treatment  area  at  Cougar  Ridge,
where six plots were established. All plots
were circular and 0.067 ha in size for the

low  density  and  moderate  density  treat-
ments, and 0.040 ha for the control treat-
ment where higher densities and less varia-
tion  were  anticipated.  Locations  of  plots
were randomized on transects through the
middle of treatment areas or by preselect-
ing randomized locations within treatment
areas.  Plots  were  measured  in  winter  of
2004 shortly after thinning, four years later
in 2008, and after ten years in 2014. Tree di-
ameter at 1.37 m above ground (dbh), and
height were measured on all trees greater
than  1.37  m height  except  in  the  control
treatments  where  tree height  and height
to live crown were subsampled and mea-
sured at approximately every fourth tree.
Trees  were  numbered  and  a  paint  mark
was made on trees at 1.37 m to mark loca-
tion  of  the  diameter  measurement.  Thin-
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Tab. 1 - Average dbh, height, and volume for each treatment (± standard deviation) in 2004 and 2014. Sizes were calculated for all
trees present during each year (All Trees), trees that were present in 2004 and alive in 2014 (Residual Trees), and the 125 largest
trees per hectare based on dbh at both measurements (Largest 125 trees ha -1). Letters denote significant differences (p < 0.05)
between 2014 treatment means after ANOVA.

Measure Treatment
All Trees Residual Trees Largest 125 trees ha-1

2004 2014 2004 2014 2004 2014

DBH
(cm)

Control 9.4 ± 2.1 18.0 ± 9.8 10.9 ± 1.9 18.5 ± 9.8 23.2 ± 2.2 27.3 ± 5.5
Moderate density 11.8 ± 3.9 13.6 ± 12.8 11.7 ± 3.9 22.1 ± 13.0 20.1 ± 3.2 20.8 ± 11.2

Low density 13.3 ± 6.3 15.2 ± 13.9 13.2 ± 6.3 25.4 ± 16.3 18.2 ± 4.6 24.9 ± 13.3
Height
(m)

Control 7.9 ± 1.3 13.4 ± 6.6 a 8.8 ± 1.5 13.8 ± 6.5 12.5 ± 1.5 19.2 ± 3.4 a

Moderate density 8.2 ± 1.6 8.7 ± 5.3 b 8.1 ± 1.6 11.8 ± 5.6 11.6 ± 1.0 13.1 ± 4.4 b

Low density 8.3 ± 3.1 9.0 ± 5.5 b 8.3 ± 3.1 12.8 ± 6.5 10.5 ± 2.0 13.9 ± 5.3 b

Volume 
(m3)

Control 0.1 ± 0.1 0.4 ± 0.4 0.1 ± 0.1 0.4 ± 0.4 0.3 ± 0.1 0.7 ± 0.4

Moderate density 0.1 ± 0.1 0.2 ± 0.4 0.1 ± 0.1 0.5 ± 0.5 0.2 ± 0.1 0.5 ± 0.5

Low density 0.2 ± 0.1 0.3 ± 0.6 0.1 ± 0.1 0.8 ± 0.8 0.2 ± 0.1 0.8 ± 0.8

Fig. 2 - Layout of eastern part of the Childs Hill study area showing division into five
treatment areas and randomized plot locations. The western part of this study area
was immediately adjacent and included three more treatment areas.
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ning debris or slash was not measured in
2014 as thinning slash was almost non-exis-
tent and indistinguishable from other for-
est  floor  debris.  The  proportion  of  the
stem  damaged  by  bears,  stem  mortality,
and other stem deformities were recorded,
as were any obvious clonal patterns among
redwood stems (O’Hara et al. 2010).

Analysis
Mean dbh, height, and volume were cal-

culated for each plot, then averaged across
treatments  within  a  treatment  area,  and
then averaged across all  treatment areas.
Tree volumes were calculated by assuming
a cylinder stem segment below, and a frus-
trum of a paraboloid above, breast height.
A comparison of means analysis was con-
ducted  on  three  groups  of  trees:  (1)  all
trees  present  in  2004 and 2014;  (2)  trees
present in 2004 and still  alive in 2014 (i.e.,
residual trees); and (3) the largest 125 trees
ha-1 in 2004. The latter density correspond-
ed  to  the  target  restoration  density  for
these stands. ANOVA was used to test for
significant changes in size and species com-
position due to treatment area and treat-
ment  effects.  The  coefficient  of  variation
(CV)  was  used  to  describe  size  variation.
Multiple logistic regression was used to as-
sess the probability of bear damage in red-
wood and Douglas-fir using tree diameter
in  2004,  treatment  (n=3),  and  study area
(n=3) as independent variables. Tree diam-
eter  in 2004 was used as a surrogate for
tree vigor/size because it represented tree
size at the initiation of the study and was
measured on every tree.

Results
Ten years after thinning, mean size (dbh,
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Tab. 3 - Species composition immediately after thinning and in 2014 by treatment area
and treatment. All values are in percent. (CH): Childs Hill; (CR): Cougar Ridge; (MO):
Moratorium. Standard deviations (SD) for study area means are shown.

Treatment
Species 
Category

2004 2014

Study area
Mean ± SD

Study area
Mean ± SD

CH CR MO CH CR MO

Control Redwood 3.3 41.2 24.0 22.8 ± 19.0 1.9 36.8 21.5 20.0 ± 17.5

Douglas-fir 89.6 54.9 33.2 59.2 ± 28.4 94.8 58.7 44.0 65.8 ± 26.1

Other 7.1 3.9 42.8 17.9 ± 21.6 3.4 4.5 34.5 14.1 ± 17.7

Moderate 
density

Redwood 37.4 93.8 67.9 66.3 ± 28.3 38.9 74.9 67.2 60.4 ± 19.0

Douglas-fir 58.4 6.2 22.1 28.9 ± 26.8 48.1 14.0 14.3 25.5 ± 19.6

Other 4.2 0.0 10.0 4.7 ± 5.0 13.0 11.0 18.5 14.1 ± 3.9

Low 
density

Redwood 18.1 52.2 71.9 47.4 ± 27.2 20.2 37.7 62.9 40.3 ± 21.5

Douglas-fir 72.3 38.1 20.4 43.6 ± 26.4 46.9 40.4 10.0 32.5 ± 19.7

Other 9.7 9.7 7.8 9.1 ± 1.1 32.8 22.0 27.0 27.3 ± 5.4

Fig. 3 - Changes in diame-
ter distributions over time 
in three treatments from 
2004 to 2014. Patterns 
show residual trees, and 
ingrowth in 2008, and 
2014.
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Study
Area

Treatment No. of
Plots

Density (trees ha-1)

Target 2004 2008 2014 2004-2014
Change

C
hi

ld
s

H
ill

Control 6 n/a 1623 1433 1117 -506

Moderate 
density

6 371 410 482 460 +50

Low density 12 185 192 277 326 +134

C
ou

ga
r

Ri
dg

e

Control 3 n/a 3369 2438 2017 -1352

Moderate 
density 3 371 558 1231 1667 +1109

Low density 6 185 331 640 838 +507

M
or

at
or

iu
m Control 6 n/a 3352 2730 1763 -1589

Moderate 
density

6 371 346 645 592 +246

Low density 12 185 206 493 506 +300
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height, volume) of all trees present in both
measurements  was  greatest  in  the  un-
treated control treatment and less in both
thinning treatments (Tab. 1). However, sta-
tistically  significant  differences  were  un-
common due, in part, to the high variation
within treatments. Only the height of the
control trees was significantly greater than
the heights  of  trees  in the thinned treat-
ments. There were no differences in mean
size of  trees in the trees  present in both
2004 and 2014 (residual trees – Tab. 1). Sim-
ilarly, for the largest 125 trees ha-1, trees in
the control treatment were larger than ei-
ther  thinning  treatment  but  these  differ-
ences were only significant for height. For
the 125 largest trees, the low density treat-
ment had the largest average diameter in-
crease  (6.7  cm)  followed  by  the  control
(4.0 cm) and the moderate treatment (0.7
cm).

Target  densities  for  the  thinned  treat-
ments were generally achieved with the ini-
tial thinning in 2004. However, subsequent
ingrowth of new stems over the following
ten  years  in  the  thinning  treatments  in-
creased  residual  densities  over  targets
(Tab.  2).  In  contrast,  control  treatment
densities declined in this period but still re-
mained  higher  than  thinned  treatments.
Densities declined since 2008 in two of the
control treatments (Childs Hill and Morato-
rium) suggesting competition-related mor-
tality.

The thinning treatments had an immedi-
ate and positive effect on moving tree spe-
cies composition towards targets (O’Hara
et  al.  2010).  The  thinning  treatments  re-
duced the relative proportion of Douglas-
fir  and  increased  the  proportion  of  red-
wood. In the ten years since the thinning
treatments, these changes were still  pres-
ent, and even improved relative to the in-
crease  in  Douglas-fir  in  the  control  treat-
ment (Tab. 3). “Other species” increased in
the low density treatment, but differences
between 2004  and 2014  were  not  signifi-
cant.

Diameter  frequency  distributions  were
used to show changes in stand structure in
the ten years since treatment (Fig. 3). Dis-
tributions for the control treatments shift-
ed to larger tree sizes and fewer total trees
over  time.  In  comparison,  the  thinned
treatments included larger trees and fewer
small trees than the controls. The thinned
treatments  also  included  ingrowth  (i.e.,
new  trees)  that  appeared  in  small  size
classes in both the 2008 and 2014 measure-
ments  (Fig.  3).  The  trends  were  towards
normal  distributions  in  the  control  plots
and  negative  exponential  distributions  in
the thinned treatments. Similar patterns of
development  were  evident  using  height
and volume distributions (not shown).

An objective of VDT is to increase varia-
tion  in  size  structure.  Young  redwood
stands  typically  have  high  levels  of  size
variation (as represented by the coefficient
of  variation,  CV)  that  was  evident  in  the
control  plots  in  these  analyses  (Fig.  4).

Thinning  enhanced  this  variation  in  both
the  low  and  moderate  treatments.  Addi-
tionally,  the  CV  was  greater  in  all  treat-
ments  in  2014,  including  the  control,  as
compared to the values reported for 2008
(O’Hara et al. 2010).

Bear  damage  (including  partially  girdled
stems  and  killed  stems)  to  trees  in  the
study continued through year ten in both
thinning  treatments,  but  at  a  much  re-
duced rate between 2008 and 2014 (Fig. 5).
Damage was very minor in the control over
the  entire  study  and  particularly  in  Dou-
glas-fir.  For  redwood,  damaged  trees
reached approximately  51% and 39% of  all
residual  trees  in  the  low  and  moderate
treatments by year 10, with 19% and 11% top
killed,  respectively.  Damage  to  residual
Douglas-fir was constant from 2008-2014 at

approximately 30% for both thinning treat-
ments. In contrast, damage in the control
treatments increased from 4.3 to 4.6% for
residual  redwood trees and remained be-
low  1%  for  residual  Douglas-fir  trees.  The
only significant treatment effects were be-
tween the control and both thinning treat-
ments. Whereas bear damage was greatest
in thinned treatments, total stem mortality
for  residual  trees  from  all  factors  was
greatest in the control treatments (Tab. 4).

Logistic  regression  models  were  very
strong for predicting bear damage in both
redwood  and  Douglas-fir.  For  redwood,
treatment, study area, and initial tree diam-
eter were all significant (Tab. 5). The model
estimated the probability of redwood dam-
age at greater than 50% in low and moder-
ate treatments for trees greater  than ap-
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Tab. 4 - Ten-year percent mortality of residual trees by treatment for redwood, Dou-
glas-fir, and all species.

Treatment

Percent mortality
Total 

trees ha-1
Redwood Douglas-fir

All
species

Control 51 31 41 1592

Moderate density 19 13 17 416

Low density 11 17 14 450

Fig. 4 - Coefficient 
of variation for 
diameter, volume 
and height in 2014 
by treatment.

Fig. 5 - Percent of 
residual redwood 
and Douglas-fir 
trees damaged by 
bears in 2008 and 
2014. The percent 
mortality of Dou-
glas-fir in the con-
trol treatment was
less than 0.04% 
and not visible in 
this figure.
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proximately  15  cm  dbh.  For  Douglas-fir,
treatment  and  initial  tree  diameter  were
significant independent variables (Tab.  5).
Comparing models indicated redwoods are
preferred in all  treatments, and the more
severe “low density” thinning had greater
damage  than  the  moderate  and  control
treatments for both tree species (Fig. 6).

Discussion
The  expected  response  to  thinning,  in-

cluding VDT, is to increase mean tree size
with  time.  This  has  been  commonly  ob-
served in redwood (Oliver et al. 1994,  Lin-
quist 2007,  O’Hara & Berrill 2010,  Webb et
al.  2012,  O’Hara et al.  2015),  including the
first  four-year  results  from  this  study
(O’Hara et al. 2010). However, the ten-year
results from this study indicate that bears
preferentially damage the largest trees in
thinned treatments. The net trends in the
thinning  treatments  were  an  increase  in
density  and  a  loss  of  tree  size  potential
from the repeated thinning “from above”
(i.e.,  the  most  vigorous  trees)  caused  by

bears:  neither  outcome  was  consistent
with the original restoration objectives. In
contrast,  the controls had higher rates of
mortality because of competition. This was
a thin “from below” that maintained larger
trees and increased average tree size. The
bear  damage in  this  study resulted in  re-
duced mean tree size, increased ingrowth,
and  reduced  the  effectiveness  of  the  re-
storation thinning treatments. Because of
the  complexity  of  these interactions,  and
the long periods necessary for restoration,
it is not clear what the ultimate effects of
these treatments and the bears will be on
stand structure development and restora-
tion objectives.

The thinning treatments were moderate-
ly effective at increasing the proportion of
redwood in the thinned stands. By favoring
redwood and other species over Douglas-
fir, in stands that were predominantly Dou-
glas-fir, the treatments have also modified
the species composition to more closely re-
semble the target. However, improvement
was not consistent in all treatments due, in

part, to bear damage to redwood and Dou-
glas-fir. Additionally, as bears affected both
redwood  and  Douglas-fir  and  only  red-
wood resprouts after complete girdling of
the stem, the effect of the bears is to in-
crease the proportion of redwood in terms
of  numbers  of  stems.  The  thinning treat-
ments have accelerated the development
of a heterogeneous stand structure based
on greater age variability, and a lesser ef-
fect on enhancing larger tree sizes than in
unthinned treatments.

The damage to tree stems by bears repre-
sents an overriding factor affecting density
management decisions in redwood stands
where bears damage trees. At present, this
extensive damage is  limited to the north-
ern part of the redwood range where this
study  was  conducted.  This  damage  typi-
cally has a disproportionate effect on the
larger,  released trees  where thinning left
relatively  little  competition,  and  on  red-
wood. Through year  ten,  the low density
treatment  was  somewhat  effective  at  in-
creasing residual tree growth rates, reduc-
ing  Douglas-fir,  and  enhancing  structural
variability, but damage to the largest trees
and  redwoods  is  contrary  to  restoration
objectives.  The  slowing  of  bear  damage
rates from 2008-2014 was unexpected and
may indicate  an attraction to  trees  in  re-
cently  thinned  stands  or  some change in
bear population demographics. The rate of
damage,  however,  does not  preclude the
possibility  that  affected  stands  are  pre-
vented from moving out of a stand initia-
tion  stage  (sensu Oliver  &  Larson  1996)
where trees do not attain large sizes and
regeneration  is  perpetually  stimulated  by
death of larger stems.

VDT is designed to enhance stand struc-
tural variability in stands that may be uni-
form because of regeneration methods or
previous  thinning.  The higher  coefficients
of  variation  in the thinning treatments  in
this study indicate that the thinning treat-
ments  are  accomplishing  this  goal.  How-
ever,  by  increasing  variation,  VDT  makes
statistical inference more difficult. Studies
of VDT, in general, are likely to face similar
problems. These analyses were also made
more difficult by the effects of bears which
not only reduced density, but preferentially
damaged or killed the largest trees. Addi-
tionally,  when  bark  is  removed  at  breast
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Tab. 5 - Logistic regression models for redwood and Douglas-fir. Study area were the Childs Hill, Cougar Ridge, and Moratorium.
Treatments were the low density, moderate density, and control.

Species Independent 
variable

Coefficient Standard
error

Wald
statistic

P-value Model evaluation

Redwood 
(n = 858)

Constant -3.889 0.419 86.278 <0.001 Chi-square: 751.130 (P = 0.995)

DBH 2004 (cm) 0.116 0.011 106.201 <0.001 Likelihood ratio test: 277.131 (P <0.001)

Study area -0.294 0.131 5.032 0.025 Hosmer-Lemeshow: 68.212 (P<0.001)

Treatment 1.091 0.121 81.001 <0.001 -

Douglas-fir 
(n = 1176)

Constant -7.264 0.457 252.606 <0.001 Chi-square: 679.944 (P = 1.000)

DBH 2004 (cm) 0.121 0.017 50.134 <0.001 Likelihood ratio test: 304.080 (P <0.001)

Treatment 1.729 0.141 150.102 <0.001 Hosmer-Lemeshow: 32.592 (P<0.001)

Fig. 6 - Logistic regression models to predict bear damage in redwood and Douglas-
fir. “L”, “M” and “C” refer to low density, moderate density, and control treatments.
The redwood model was limited to trees less than 21 cm and the Douglas-fir to 30 cm,
the maximum diameters observed in this study. The redwood model included a term
for study area which was held constant as the Childs Hill study area in this figure.
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height by bears,  DBH measurements may
underestimate growth rates. Hence, quan-
tifying the effects of VDT can be difficult,
and the effects of bears compound these
problems. Another element of stand struc-
tural  variability  is  heterogeneous  spatial
patterns,  but  these were  not  assessed in
this  study.  Whereas  the  thinning  effects
were  examined  in  a  study  designed  to
replicate  thinning  treatments  on  multiple
sites,  these  sites  were  close  enough  to-
gether that  a few bears could have dam-
aged all trees: hence bear damage effects
were not part of the original study design
and were not well replicated.

At the initiation of this study, it was rec-
ognized that thinning to the target final old
forest density posed risks related to poten-
tial  mortality  or  damage from  any cause,
particularly  bears,  over  a  long  time  hori-
zon.  Old  forest  tree  densities  typically
range from approximately 50 to 100 trees
ha-1 (O’Hara et al.  2017).  Since there were
no estimates of potential mortality during
this long stand development process,  the
target density in the low-density treatment
was increased to exceed the upper range
of the target old forest density and have a
50%  allowance  for  mortality.  However,
through  year  ten,  it  was  already  evident
that  the  allowances  for  mortality  in  the
low-density  treatment  may  have  been  in-
sufficient  due  to  the  high  levels  of  stem
mortality caused by bears. Whereas the to-
tal number of trees exceeded the targets
at year ten, large numbers of residual trees
have been killed and replaced by ingrowth
of many smaller trees. The target densities
for  the  more  conservative  moderate-den-
sity  treatment  at  the  onset  of  this  study
were twice as high as the low-density treat-
ment. With a target post-thinning density
of 371 trees ha-1 and a presumed 75% mor-
tality rate, the resulting density would be
approximately 93 trees ha-1. Ten years later,
target density numbers are confounded by
the opposing forces of  bear damage and
ingrowth,  and further confounded by the
ingrowth  stimulated  by  the  bear  damage
when bear-killed redwood stems have re-
sprouted.  The  control  experienced  the
highest  rate of  mortality  due to competi-
tion-related mortality of smaller trees.

The effect of  black bears on these thin-
ned redwood stands is contrary to what is
normally expected in young stands: instead
of  faster-growing  trees  having  a  greater
chance of survival, their chances are lower.
This  has  been  demonstrated  in  previous
studies  (Perry  et  al.  2016),  including  the
previous report from this study (O’Hara et
al.  2010).  This  creates  a  relationship  for
thinned  stands  where  tree  growth  in-
creases  with  declining  stand  density,  but
survival decreases as shown schematically
in Fig. 7. At high densities, survival is likely
to be high but growth will be reduced. At
low  densities,  survival  will  be  low,  but
growth will be rapid. An appropriate den-
sity  probably  lies  at  some  intermediate
level. Decisions over thinning densities are

complicated by these opposing processes,
and further complicated by bear damage at
low  densities  causing  an  increase  in  red-
wood  sprouting  and  an  increase  in  total
stand density. This relationship implies that
an ideal density may exist to achieve rapid
growth at an acceptable level of bear dam-
age. However, given the unpredictability of
bear damage, and the limited data on thin-
ning  responses  in  redwood,  this  tradeoff
between rapid growth and survival of indi-
vidual trees is poorly defined. Other consid-
erations that confound the determination
of ideal tree densities is the desirability of
creating  decadent  features  (snags,  dead
tops,  basal  hollows,  etc.)  as  found in old
growth.  Bear  damage can help  to  create
these features, but it may take many years
to know which damaged trees will  die or
be sufficiently damaged to slow growth. In
any case,  an ideal  density  regime for any
species  is  more  likely  to  be  defined  as  a
range of densities for a particular age and
site.

The  damage  to  trees  caused  by  black
bears is only an issue in the northern part
of  the  range of  coast  redwood.  In  areas
where bears are not an issue, a low density
or one-step approach to thinning will prob-
ably be successful. Where bear issues exist,
a more conservative approach is warranted
that  involves  thinning  to  higher  residual
densities  and  possibly  multiple  thinnings.
This  is  a  more  costly  approach  that  may
also  be  more  intrusive  because  multiple
thinnings  and  greater  monitoring  will  be
necessary. The residual densities targeted
by  the  treatments  in  this  study  ranged
from 185-371 trees ha-1. The actual densities
achieved by the treatments encompassed
a larger  range (Tab.  2).  This  range appar-
ently  encompasses  an  appropriate  early

stand density for coast redwood given the
uncertainty of bear damage and the unpre-
dictability  of  subsequent  stand  develop-
ment. More precise prescriptions for early
stand densities are not possible given this
uncertainty  and  the  tradeoffs,  or  inverse
relationships,  between  tree  growth  and
bear damage over a range of density. How-
ever,  a  conservative  approach  to  this  di-
lemma would be to leave higher densities
than originally  prescribed in the low den-
sity treatment of this study.

Conclusions
A variable-density thinning study in young

coast redwood stands to achieve old forest
restoration objectives has had limited suc-
cess after ten years. Thinning increased in-
dividual tree growth rates, but more vigor-
ous  trees were preferentially  attacked by
black bears. Bear damage encouraged ba-
sal sprouting from redwood. The net effect
has been an increase in density and no ef-
fect on mean tree size. The combination of
thinning  and  bear  damage  has  also  in-
creased stand structural variation which is
consistent  with  restoration  objectives.
Thinning  to  remove  smaller  trees  com-
bined with bear damage of primarily larger
trees produced confounding effects about
treatment effects on tree size.  The struc-
tural variability that is an objective of VDT
also  contributes  to  difficulties  in  making
statistical inference because all variability is
increased.  This  ten-year  study  provides  a
view of stand development following VDT,
but only a glimpse given the long-term de-
velopment  process  towards  old  forest
structures in coast redwood. Whether suf-
ficient  numbers  of  trees  will  survive  the
bear  damage threat  to reach a  large size
remains an unanswered question. Restora-
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Fig. 7 - Tradeoff between tree growth and probability of survival of redwood stems at
a range of tree density after thinning. At high densities, survival is likely to be high but
growth will be reduced. At low densities, survival will be low, but growth will be rapid.
An appropriate density probably lies at some intermediate level.
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tion prescriptions in similar  stands should
probably  take  a  more  conservative  ap-
proach  where  density  is  maintained  at
higher  levels  than  the  low  density  treat-
ment presented here.
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