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1. Introduction 

ABSTRACT 

In the Willamette Valley-Puget Trough-Georgia Basin ecoregion of the North American Pacific North­
west, there has been widespread encroachment of Douglas-fir (Pseudotsuga menziesii) upon Oregon white 
oak (Quercus ganyana) savanna and woodland stands that were historically maintained by frequent 
anthropogenic fire. Restoration of these stands requires removal of the Douglas-fir overstory, although 
there is little information on how oak trees that have been suppressed for decades respond to release. 
Our objective was to evaluate the 1 0-year response of oak trees to three release treatments from overtop­
ping Douglas-fir in a study replicated at four western Washington sites. Treatments were: full release 
(removal of all Douglas-fir within a radius equal to the oak's height), half release (removal of Douglas­
fir within a half-height radius). and thin only (stand-level commercial thinning of the Douglas-fir over­
story; oaks not targeted for release). Periodic diameter growth of oak trees in the full-release treatment 
was significantly greater (by as much as 243%) than that in the other treatments and increased with time 
since treatment. Oak height and crown area growth rates were not influenced by treatment, but larger 
pre-treatment crown size was associated with greater post-treatment diameter growth and acorn pro­
duction. Full release increased acorn production compared to thin only in years when region-wide pro­
duction was moderate to high (5 of 9 years): half release increased production relative to thin only in 2 of 
9 years, but to a lesser degree. Height growth of residual Douglas-fir trees was greater than that of oak 
trees in all treatments. The increasing post -treatment growth rate of the fully released oak trees and their 
increased acorn production indicate the capacity of long-suppressed Oregon white oak to rapidly recover 
following complete removal of a conifer overstory. The oak trees showed no negative effects following the 
dramatic change jn environment associated with this treatment. Thus, a single-entry, complete release 
from overtopping conifers was effective in restoring overstory structure and composition, which is an ini­
tial step in restoration of invaded oak woodland or savanna. 

© 2012 Elsevier B.V. All rights reserved. 

Encroachment of woody plants into savanna ecosystems during 
the past century has been widely documented in Africa, North 
America, South America. and Australia (San jose and Farinas, 
1983; Archer, 1994; Fens ham et al., 2005; Smit. 2004; Staver 
et al.. 2011 ). Climate, fire regime, soils. and grazing are important 
determinants of savanna distribution at a global scale (Staver 
et al., 2011 ). Prior to European settlement, oak savannas and wood­
lands occupied substantial portions of North America (McPherson, 
1997). Major regions of oak savanna were the Midwest. between 
the tallgrass prairies and the eastern deciduous forest (Anderson. 

1998); the Southwest, in New Mexico, Arizona, and northern Mex­
ico (McClaran and McPherson. 1999); and a region near the Pacific 
Coast stretching from southern British Columbia to Mexico (Allen­
Diaz et al., 1999). Historically, the vegetative structure and compo­
sition of North American oak savannas were maintained by various 
combinations of fire, drought. herbivory. or in rare instances, flood­
ing (McPherson, 1997; Anderson, 1998). Since European settle­
ment, the structure and ecological processes of many oak 
savannas have been substantially altered by a reduction in fire fre­
quency, intrqduction of exotic species. grazing of livestock and 
other agricultural uses, and development (Agee, 1993; McPherson. 
1997; Anderson et al., 1999; Lea, 2006; Dunwiddie et al., 2011 ). 
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Savannas encroached upon by trees and shrubs undergo altered 
soil water availability (Asbjornsen et al., 2007; Devine and Harring­
ton, 2007). changes in nutrient cycling (Archer et al.. 2001; Hibbard 
et al., 2001), and a dramatic shift in the understory environment 
that leads to changes in understory plant composition (Thysell 
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and Carey, 2001: Devine et al., 2007: Brudvig and Asbjornsen, 
2009). After invasion, low-intensity fire, an ideal tool for restoring 
savannas and woodlands (Hamman et al., 2011 ), may become 
infeasible owing to a reduction in herbaceous biomass and an in­
crease in woody fuels and fuel moisture levels (Engber et al., 
2011 ). The invading woody species also compete with relic oak 
trees, crowding them, and in some cases overtopping them. Mor­
tality of the relic oak trees represents a significant loss to the struc­
ture of the ecosystem: these trees require many decades to 
centuries to replace. Although oak trees are only one component 
of an oak savanna or woodland, they are a critical structural ele­
ment for habitat, provide food for wildlife, and have cultural 
significance. 

Recently, researchers have begun to address the issue of restor­
ing oak savanna or woodland structure by removing the invading 
trees or shrubs while retaining the relic oak trees. In a white oak 
(Quercus alba) savanna in central Iowa, USA, relic oak trees were re­
leased from invading trees after more than 40 years of encroach­
ment: diameter growth of released trees was significantly greater 
in the 7 years post-release compared to unreleased trees (Brudvig 
et al.. 2011 ). Although thinning and release treatments have long 
been conducted in young hardwood stands to promote growth 
of oak (Quercus spp.) crop trees for timber production (McGee 
and Bivens, 1984; Lamson et al., 1990), the stand conditions, pre­
scriptions, and long-term objectives of that type of release 
treatment differ from those of restoration treatments. For example, 
in oak woodland restoration, the trees selected for release are 
often much older than the removed trees, are frequently lower in 
vigor at the time of release, and are chosen for non-timber 
attributes. 

The present study took place in the Puget Trough of western 
Washington, where frequent anthropogenic fire maintained prai­
ries and Oregon white oak (Quercus ganyana) savannas and wood­
lands prior to European settlement (Crawford and Hall, 1997). 
During the past century, Douglas-fir (Pseudotsuga menziesii) has 
regenerated throughout the North American Pacific Northwest 
prairie and oak ecosystems in the absence of fire (Crawford and 
Hall, 1997: Thysell and Carey, 2001: Lea, 2006; Dunwiddie et al., 
2011 ). Owing to its rapid growth and large size ( ~40 m height 
after 75 years), the encroaching Douglas-fir has overtopped and 
suppressed the shade-intolerant oak; many of these remaining 
oak trees are now in poor condition with significant crown dieback. 
This encroachment has transformed oak savannas and woodlands 
into conifer forests with some relic structure and species retained 
from the previous ecosystem (Devine and Harrington, 2006; Gould 
and Harrington, 2008). This study evaluates, as a restoration tool, 
the mechanical removal of encroaching trees, which is an initial 
step in restoring an invaded oak savanna ecosystem (Peterson 
and Reich, 2001: Brudvig et al., 2011 ). Specifically, the analysis fo­
cuses on the effects of overstory Douglas-fir removal on residual 
oak trees. We evaluated three different levels of removal, ranging 
from full release of oak trees (representing a restoration treatment) 
to a stand-level commercial thinning of the Douglas-fir overstory 
(representing management with a timber production objective). 
Five-year results from this study showed that overtopped Oregon 
white oak trees released from encroaching Douglas-fir responded 
by increasing diameter growth and acorn production and by form­
ing epicormic branches (Devine and Harrington, 2006). In the pres­
ent study, the primary objective was to assess the 1 0-year effects 
of release treatments on oak trees to determine whether early re­
sponses to release have faded or are increasing. In addition to 
remeasuring the same oak trees evaluated at year 5, the 1 0-year re­
sponse of all other oak and residual Douglas-fir trees in the treat­
ment areas was assessed to provide information on relative 
treatment responses of the two species which may indicate treat­
ment effects on future stand structure. 

2. Methods 

2.1. Study sites 

The study is located on joint Base Lewis-McChord, in the Puget 
Trough physiographic province of western Washington, USA. The 
study took place in four forest stands, located 10-15 km apart: ele­
vations ranged from 85 to 135m above mean sea level. These 
stands were former oak savannas and woodlands that were colo­
nized by Douglas-fir during the early to mid-20th century. They 
are characterized by an overstory dominated by Douglas-fir and 
a mid-story containing Oregon white oak under varying degrees 
of suppression (Table 1 ). The Douglas-fir canopy intercepted an 
average of 87% of potential photosynthetically actively radiation 
(Devine and Harrington. 2006). The Douglas-fir overstory in all four 
stands had been commercially thinned two to three times prior to 
this study at 10- to 15-year intervals: the most recent thinning oc­
curred in conjunction with study installation (2000-2001 ). 

The soils of the study area are formed in glacial materials: they 
are classified as Typic Melanoxerands and Vitrandic Dystroxerepts 
(Zulauf. 1979: Pringle, 1990) and are mapped as Humic Cambisols 
by. FAO ( 1995 ). These soils are sandy to sandy-skeletal in texture 
and.are somewhat excessively drained. The climate has a maritime 
influence with warm, dry summers and mild, wet winters. Mean 
annual precipitation in Tacoma, WA (15-25 km from study sites) 
is 1008 mm, although total precipitation from 1 May through 30 
September averages only 166 mm (WRCC, 2012). Mean air temper­
atures in january and july are 4 and 18 oe, respectively. 

2.2. Study installation 

The study began in late 2000 with the selection of 72 over­
topped oak trees (18 per site) representing a range of sizes (diam­
eter at breast height (DBH) = 19.0-53.0 em: height= 8.4-21.8 m) 
and varying degrees of suppression (i.e., crowns partially to com­
pletely overtopped by Douglas-fir). The selected oak trees had 
crowns that were overtopped by a minimum of two Douglas-fir 
trees (Table 1 ). Among sites, mean age of selected oak trees ranged 
from 94 to 130 years: mean age of dominant/co-dominant Doug­
las-fir ranged from 65 to 80 years. Although density of both species 
varied among sites, the vertical structure was consistent: mean 
height of dominant/co-dominant Douglas-fir ranged from 39.0 to 
44.0 m and that of oak ranged from 15.5 to 16.4 m. The mean dis­
tance from the bole of a study tree to the bole of the nearest over­
topping Douglas-fir was 4.4 m. 

Centered on each of these selected oak trees, a study plot was 
established with a radius equal to the tree's height (mean 
height= 16.0 m): the selected oak trees are hereafter termed "cen­
ter trees". All of the other trees occurring on the study plots are 
termed "plot trees". Center trees were randomly assigned one of 
three release treatments (six replications per site): 

Thin only: no Douglas-fir trees were removed specifically to re­
lease the center trees: however, the stand-level commercial thinning 
in 2000-2001 removed an average of two Douglas-fir trees per plot. 

Half release: in addition to the commercial thinning, all Doug­
las-fir trees ( ~ 10.0 em DBH) within a radius of one-half of the cen­
ter tree's height were removed. This treatment removed an average 
of 6 Douglas-fir trees per plot. 

Full release: in addition to the commercial thinning, all Doug­
las-fir trees ( ~ 10.0 em DBH) were removed from the plot. This 
treatment removed an average of 15 Douglas-fir trees per plot. 

The thin-only treatment was a low-intensity, commercial thin­
ning of the Douglas-fir overstory; oak trees were not specifically 
targeted for release but were always retained. The half-release 
treatment was similar to individual-tree release treatments that 
have been applied operationally to Oregon white oak trees in the 
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Table 1 

Pre-treatment study plot and tree attributes af four study sites on joint Base Lewis-McChord, western Washington. Means are shown, with standard deviation in parentheses for 
individual-tree measurements (tree ages were not available for some trees owing to rot). 

Parameter Species Site 

Cherry hill Good acre Lake joseph Sneesby 

Study plot composition' 
Trees (no. ha- 1 ) Oakll 149 57 63 192 

Douglas-flr 111 149 215 192 
Other spp 1

' 91 27 42 36 
BA (m 2 ha- 1 ) Oak 4.8 2.0 4.0 7.8 

Douglas-flr 31.6 29.2 46.5 29.7 
Other spp 2.9 0.3 0.9 0.4 

Oak center trees 
DBH (em) 31.9 (8.7) 29.8 (9.7) 29.8 (7.7) 31.3 (8.3) 
Height (m) 15.5 (3.4) 16.1 (3.3) 16.4 (3.4) 16.1 (2.5) 
Crown area index (m2

)' 53.8 (22.1) 49.2 (24.5) 22.7 (21.3) 38.8 (27.4) 
Live-crown ratiod 0.38 (0.22) 0.41 (0.15) 0.26 (0.17) 0.30 (0.12) 
Tree age at study installation (year) 98 130 124 94 

Two tallest Douglas-fir per plot 
DBH (em) 83.4 (30.2) 81.8 (27.1) 88.5 (17.9) 80.4 (20.3) 
Height (m) 39.4 (8.3) 40.0 (7.7) 44.0 (3.9) 39.0 (5.8) 
Tree age at study installation (year) 80 75 75 65 

' Trees ? 10 em DBH. 
b Oak= Oregon white oak; other species that were most prevalent were big leaf maple (Acer maaop/1yllum), Oregon ash (fraxinus latifolia), and bitter cherry (Pnmus 

emarginata). 
' Crown area index= crown diameter x crown diameter measured in a perpendicular direction. 
' Live-crown ratio= (total height- height to crown base)/total height. 

region to temporarily reduce competition and prevent mortality 
until subsequent management actions are taken. The full-release 
treatment was designed to represent the conditions that r'esult 
from a stand-level release of oak from all Douglas-fir competitors. 
Full release restoration treatments have been applied to Oregon 
white oak in some locations, but with the exception of this study, 
few data exist to show trees' responses. 

The half- and full-release treatments were applied in April-May 
2001; trees were cut with chainsaws and yarded with skidders. 
Minimal logging damage occurred during the release: several cen­
ter oak trees had a small number of broken limbs and two had bark 
scraped from the bole (Harrington and Kern, 2002). 

2.3. Data collection 

The 72 center trees were measured for DBH (nearest mm), 
height (nearest 0.1 m), height to base of live crown (nearest 
0.1 m; excluding epicormic branches), and crown diameter (in 
two perpendicular directions: nearest 0.1 m) prior to treatment 
and after the 3rd, 5th, and 10th years post-treatment. Height and 
DBH of the two tallest Douglas-fir trees per plot (n = 144 trees), 
and of all plot oak trees (n = 875) were measured pre-treatment 
and after years 5 and 10 post-treatment. At the same interval, 
DBH was measured for all non-oak plot trees, which were primar­
ily Douglas-fir (n = 899). 

Acorn production of the center oak trees was evaluated annually 
during late August or early September in years 3 through 11 post­
treatment. For each tree, a 60-second tally (Devine and Harringtm{ 
2006) of mature acorns was made by examining crowns from the 
ground using 1 0 x 42 power binoculars. In the 60-second acorn tally; 
the observer scanned the crown of a tree until the first acorn wa's 
sighted, at which point a 60-second period began during which the 
observer tallied every mature acorn seen. Prior to data collection, 
the two observers making tallies successfully verified the repeatabil­
ity of this method (counts consistently within 20%) on 50 trees. ·· 

2.4. Data analyses 

Analyses of tree growth and acorn production were performed 
with a generalized, randomized complete-block design analysis 

of variance (ANOVA) model (Hinkelmann and Kempthorne, 1994) 
using Proc Mixed in SAS (SAS Institute, 2008). Site (i.e., block) 
was treated as a random effect; the three treatments were repli­
cated six times per block. The experimental unit was the center 
oak or, in the analysis of plots trees, the study plot. Repeated-mea­
sures ANOVA was used for growth variables that had multiple 
measurement periods (n = 2 or 3, depending on variable) and for 
annual acorn production (n = 9 years). 

Crown area index was calculated by multiplying the two crown 
diameter measurements. Crown depth was defined as the difference 
between tree height and height to base of live crown. A crown vol­
ume index was calculated by multiplying crown area index by crown 
depth. Live-crown ratio was defined as the ratio of crown depth to 
tree height. Pre-treatment values for tree height, DBH, crown depth, 
live-crown ratio, crown area index, and crown volume index were 
tested as potential covariates in all analyses of center oak tree 
growth and acorn production; pre-treatment values for tree height 
and DBH were tested as potential covariates in analyses of plot trees. 
Covariates were included in the final model if significant. Crown area 
index was analyzed as a dependent variable, but dependent variables 
based on crown depth (e.g., crown volume index) are not presented 
because that parameter did not change significantly over time. A 
log(x+ 1) transformation was used to achieve normal distribution 
of acorn production data (Hinkelmann and Kempthorne, 1994). Indi­
vidual-tree basal area growth increment (at breast height) was ana­
lyzed but results are not presented here because they did not differ 
appreciably from the results of the DBH analysis. Mean separations 
were performed using Tukey's HSD test. Significance was judged at 
alpha= 0.05 throughout. 

3. Results 

3.1. Growth of center oak trees 

During each of the .Jhree post-treatment time periods, the 
full~release treatment was consistently associated with the greatest 
annual DBH growth (Fig. 1; Table 2). Annual DBH growth in the 
halfcrelease and thin-only treatments did not differ during any time 
period. The rate of DBH growth in the full-release treatment 
trended upward over time, in contrast to the other two treatments, 
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Fig. 1. Annual DBH growth (with one standard error) of Oregon white oak center 
trees in three release treatments during three time periods post-treatment. Bars 
accompanied by the same letter do not differ (95% confldence level). 

although the treatment x time period interaction was non­
significant. After accounting for the effects of the designed experi­
ment, two covariates described additional variation in annual 
DBH growth of center oaks: a larger initial DBH was associated with 
a lower DBH growth rate, whereas a larger initial crown volume in­
dex was associated with a greater DBH growth rate (Table 2). The 
influence of competition on 1 0-year DBH growth is illustrated by 
plotting 1 0-year growth against total basal area of all trees within 
10 m of the center oak (Fig. 2 ); 1 0-year DBH increment was 
2.5 em or less for all center oaks with competitors totaling more 
than 0.6 m2 basal area. 

Ten-year height growth of center oak trees was not significantly 
influenced by treatment (Table 2; Fig. 3 ), but variation in height 
growth was explained by two covariates: initial DBH (positive asso­
ciation) and pre-treatment height (negative association). Ten-year 
change in crown area index was not significantly affected by treat­
ment, but variation in crown area index was explained by pre-treat­
ment DBH (positive association), as a covariate (Table 2; Fig. 3 ). 

3.2. Acorn production of center oak trees 

Acorn production (i.e., 60-s acorn tally) was significantly influ­
enced by treatment, year, and the treatment x year interaction 

Table 2 
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) 

Fig. 2. Cumulative 1 0-year DBH growth for Oregon white oak center trees following 
three release treatments; data are plotted against the summed basal area, measured 
immediately after treatment. of all trees growing within a 10-m radius of the center 
tree. Note that the data point at the far right was inOuenced by one very large 
Douglas-fir tree (223 em DBH; 3.91 m 2 basal area). 

(Ta\}fe 2). Additional variation in acorn production was explained 
by a positive effect of initial crown volume index (a covariate). 
During the 9 years in which acorn production was assessed, there 
was no treatment effect in the 4 years of very low production 
(years 3, 5, 10, and 11) (Fig. 4). In the other 5 years, production 
in the full-release treatment was greater than that in the thin-only 
treatment each year. In two of those 5 years (years 4 and 7), pro­
duction in the half-release treatment also was significantly greater 
than that in the thin-only treatment. 

3.3. Growth o.f plot trees 

DBH growth of plot oak trees (:? 10 em DBH) was significantly 
greater in the full-release treatment than in the other treatments 
during both 5-year periods (Table 3, Fig. Sa). However, DBH growth 
also was less in the second period than in the first period 
(p < 0.001 ). Variation in DBH growth not explained by the designed 
experiment was explained by a positive influence of initial DBH (a 
covariate) on post-treatment DBH growth (Table 3). 

Height growth of plot oak trees (:? 10 em DBH) was not signifi­
cantly influenced by treatment during the two time periods, but 

ANOVA results for growth of Oregon white oak center trees (n ~ 72). For periodic DBH growth rate analysis. the 1 0-year study was divided into three time periods: year 1-3, year 
4-5, and year 6-10. 

Variable Source Deg. freedom 

Num. 

Periodic DBH growth rate (em year-') Treatmen·t 2 
Time period 
Treatmerit, x time 4 
J~ftikl DB~!" 
Initial CVI' 

10-year cumulative height growth (m) Treatment 
Initial DBH' 
Initial height' 

10-year CAl increment (m 2 ) Treatmenr 
Initial DBH" 

Annual acorn countb Treatment 
Year 8 
Treatment x year 16 
Initial CVJ' 1 

a Covariate. DBH =diameter at breast height; CVI =crown volume index: CAl= crown area index. 
b Analysis performed on log-transformed values. 

F value 

Den. 

50 20.3 
144 2.5 
144 1.6 
94 10.4 
93 12.9 

5.2 
52 7.4 
38 16.2 

43 1.7 
59 15.1 

48 7.3 
548 64.2 
548 2.4 
204 7.6 

Pr> F 

<0.001 
0.087 
0.169 
0.002 
<0.001 

0.057 
0.009 
<0.001 

0.261 
<0.001 

0.002 
<0.001 
0.002 
0.006 

Covariate effect 

-0.006 
+0.0002 

+0.094 
-0.329 

+1.194 

+0.0007 



W.O. Devine, CA. HarringronjFarest Ecology and Management 291 (2013) 87-95 91 

2.5 

.§. 2.0 

..t:: 

~ 
1.5 0 ... 

Cl 

1: 
Cl 

1.0 ·o:; 
..t:: ... 
>, 

6 
0.5 

0.0 

35 
N 

.§. 30 

'E 
CIJ 25 
E 
CIJ u 20 
r::: 

;;;: 
(.) 

15 

... 
~ 10 

0 

5 

0 
Thin only Half release Full release 

Treatment 

Fig. 3. Ten-year post-treatment cumulative height growth and crown area index 
(CAl) increment (with one standard error) for Oregon white oak center trees in 
three release treatments. No significant differences occurred among treatment 
means (95% confidence level). · 
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Fig. 4. Mean acorn production of Oregon white oak center trees in three release 
treatments during years 3 through 11 post-treatment (with one standard error). 
Asterisk indicates that the half- or full-release treatment mean differs from that of 
the thin-only treatment within a given year (95% confidence level). 

height growth was greater in the second.· than in the first· period 
(p; 0.007; Table 3; Fig. Sd).lnitial height;' as a covariate, was nega­
tively associated with post-treatment height growth (i.e., trees that 
were initially smaller had greater height growth during the study). 
Height growth of small oak trees (initially,;; 3.0 m tall) was not sig­
nificantly affected by treatment or time period (Table 3; Fig. Sc). 

Douglas-fir DBH growth (trees ~ 10 em DBH) was not influ­
enced by treatment but was greater in the first than in the second 

time period across all treatments (Table 3; Fig. Sb).lnitial DBH, as a 
covariate, was positively related to DBH growth during the 
10 years post-treatment. Basal area of residual Douglas-fir in the 
thin-only treatment increased by 19.4% from 33.0 ± 13.9 to 
39.4 ± 17.1 m2 ha- 1 during the 10-year study. Basal area of residual 
Douglas-fir in the half-release treatment increased by a similar 
amount (21.1%), from 24.6±15.2 to 29.8±17.2m2 ha- 1 during 
the same interval. 

Height growth of the two tallest Douglas-fir trees per plot was 
not significantly· affected by treatment (p; 0.060), although the 
growth of trees in the half-release treatment trended greater than 
that of trees in the thin-only treatment (Fig. Se). Initial height was 
negatively associated with 10-year height growth, as a covariate 
(Table 3). 

4. Discussion 

The growth response of the Oregon white oak center trees indi­
cates that full release not only provides the greatest diameter 
growth response in the initial years following treatment, but that 
the diameter growth response in this treatment also increased over 
time. The positive effect of release on Oregon white oak growth 
was also demonstrated in a recent operational release at another 
western Washington location; in that study, DBH growth of fully 
released trees was greatest while that of trees still receiving com­
petition was strongly correlated with the amount of crown that 
was free from contact with adjacent Douglas-fir (Gould et al., 
2011 ). Although we did not measure crown contact. we observed 
a clear relationship between DBH growth and basal area of nearby 
competitors (Fig. 2 ). On a Midwest savanna, DBH growth of white 
oak trees receiving a restoration release from encroaching broad­
leaf species increased nearly 50% during the first 7 years after re­
lease (Brudvig · et al.. 2011 ). The greater magnitude of the 
response to full release in our study (a 243% DBH growth increase 
compared to thin-gnly) may have been influenced by the greater 
level of interspecific competition associated with the coniferous 
overstory at our sites. Our study did not include a true control 
treatment (i.e., a treatment with no Douglas-fir removal); thus, it 
is unclear whether the trees in the thin-only treatment benefitted 
from the stand-level overstory thinning. If there was a benefit, then 
our observed treatment responses (i.e., differences in response be­
tween full- or half-release treatment compared to thin-only) are 
smaller than would have occurred using a true control as the refer­
ence stand condition. 

The fact that diameter growth of fully released center oak trees 
increased in the second 5-year period - while diameter growth of 
plot oak trees in all treatments decreased - indicates a growth 
advantage of the center oaks' plot-center location. Other oak trees 
located throughout the full-release study plots were closer to the 
plot edge than the center oaks; these trees would have received 
less direct sunlight and likely would have experienced greater 
belowground competition for water and nutrients from roots of 
the Douglas-fir trees surrounding the plot. Earlier data show that 
the plot-center location in the full-release treatment received 
greater direct sunlight than in the other treatments (Devine and 
Harrington. 2006), and an associated study showed increased soil 
water content at plot center (Devine and Harrington, 2007). In gaps 
similar in size to our full-release treatment plots, photosyntheti­
cally active radiation and soil water content were highest in the 
cei1ter of tl-ie gap and decreased toward the gap edge (Gray et a!., 
2o62fFollowing overstory density reduction, available soil water 
i.r1 ci'ak.stands has been shown to increase for residual trees owing 
to the'C:ombined effects of decreased interception of rainfall andre­
duced :S'tand-Ievel transpiration (Breda et al., 1995). Although our 
studypi~t size was limited by logistical constraints, these patterns 
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Table 3 
AN OVA results for annual growth rate of Oregon white oak and Douglas-fir plot trees (data do not include center oak trees; see Table 2). Annual growth rate was analyzed for two 
periods post-treatment: year 1-5 and year 6-10. For Douglas-fir height growth analysis, only the two tallest trees per plot (at the time of study installation) were analyzed. 

Variable Source Deg. freedom F value Pr > F Covar. effect 

Num. Den. 

Trees with initial DBH;;, 10.0 em 

Oak DBH (em year-') Treatment 38 9.8 <0.001 
Time period 971 66.2 <0.001 
Treatment x time 971 0.6 0.577 
Initial DBH' 1001 33.1 <0.001 +0.004 

Oak height (m year-') Treatment 2 35 0.1 0.902 
Time period 1 192 7.5 0.007 
Treatment x time 2 192 1.5 0.230 
Initial height" 171 6.8 0.010 -0.008 

Douglas-fir DBH (em year- 1
) Treatment 0.8 0.434 

Time period 767 14.8 <0.001 
Treatment x time 767 0.1 0.763 
Initial DBH' 806 117.2 <0.001 +0.003 

Douglas-fir height (m year- 1
) Treatment 28 3.9 0.060 

Time period 116 0.2 0.700 
Treatment x time 116 0.2 0.669 
Initial height' 90 14.5 <0.001 -0.011 

Trees with initial height ,:; 3.0 m 
Oak height (m year-') Treatment 3.0 0.224 

Time period 1 104 0.0 0.964 
Treatment x time 2 104 0.0 0.986 

:.. Covariate. 

support the idea that oak trees would receive the greatest increase associated with competition, were susceptible to further growth 
in above- and below-ground resources from a release treatment reductions from environmental stresses such as drought, which in-
applied to a large area or at the stand level. Release at that scale creased the likelihood of a tree's death, whereas trees with increas-
would also facilitate understory treatments such as prescribed ing growth rates were much less likely to suffer mortality. Thus, 
burning or mowing. the dramatic increase in growth rates exhibited by our full-release 

Diameter growth of oak and Douglas-fir trees on study plots, treatment suggests that a restoration release can likely reduce fu-
across all treatments, decreased from the first to the second 5-year ture mortality rates of Oregon white oak trees. 
period (Fig. Sa and b). Thus, we can infer that a study-wide phe- Two covariates explained variation in center oak DBH growth 
nomenon was influencing tree diameter growth. Because all three that was not explained by the designed treatments: initial crown 
treatments received some level of overstory reduction, it is possi- size and initial DBH. initial crown size was positively associated 
ble that this reduction in competition provided an increase in re- with post-treatment DBH growth. This positive association oc-
source availability that declined by the second 5-year period as curred across the three treatments but was not interactive with 
the additional resources were more fully exploited by vegetation. the treatment effect: all center oak trees benefitted from greater 
For example, uptake of belowground resources could have in- initial crown· size, and the full-release treatment conferred an 
creased in association with the increase in post-treatment under- added growth benefit. The trees with smaller crowns were typi-
story growth (Black et al.. 1980; Devine et al. 2007). It is also cally those that had previously experienced a high level of die back 
possible that inter-annual differences in climate, most likely sum- as a result 9f competition; across all treatments, 83~;:; of trees had 
mer precipitation, could have contributed to the differences in DBH dieback of at .least one major limb (Devine and Harrington, 
growth between measurement periods. For oak near the study 2006). Our finding that DBH growth was positively associated with 
area, a significant portion of annual diameter growth occurs during crown size and initial DBH supports the findings of a study in sev-
June (Gould et al.. 2011 ); during the first 5-year period, june pre- era! southern Appalachian (USA) stands that found individual-tree 
cipitation twice exceeded 1 0 em. whereas this only occurred once basal area growth of two oak species (Quercus rubm and Quercus 
during the second 5-year period. T~is would likely not explain prinus) was strongly predicted by exposed crown area and initial 
the growth trend for Douglas-fir, whi~htypically continue to grow < tree basal area (Wyckoffand Clark, 2005 ). In that study and in 
in diameter later in summer and int~·-::.f~.!.t .. __ ~ .- . ··~.-·:·::. :. ·---~--- __ -:O~~j- study,·.eXJ)OSure-of_-Crown to sunlight explained variation in 

The DBH growth rate of the centeh.\)~lc;trees in our tl)il)'::only ')<growth not e~plained by tree size alone, although in our study, 
treatment was very slow ( approximatel~H mm year"' 1

) re'tii"tjye tq .:):>'the degree of crowri exposure was largely determined by the re­
open-grown Oregon white oak trees (3-4 mm year- 1 fodCifWasecfC;- le_ase treatments(Devi)Ve;and Harrington. 2006). 
trees; Gould et al., 2011) and, considering the level of comp'eiiJiori ·· . The negative assg~iadb'n between initial DBH of center oak trees 
at the study sites. suggests a relatively high probability .of':b:ee arid post-treatment DBH growth (covariate in Table 2) was the 
mortality in coming years (Gould et al.. 2008, 2011 ). Dead oak trees opposite of the pattern shown by plot oak trees, which had a posi-
have been observed in the vicinity of study plots at all of our study tive association between initial DBH and post-treatment DBH 
sites. A study of growth rate prior to mortality in southeastern USA growth (covariate in Table 3 ). However, this pattern may be ex-
hardwood forests found that oak species, when suppressed, suf- plained by the fact that the datasets were truncated differently 
fered a relatively long period of growth decline ( 12 years or more) (i.e .. ::;:, 10 em DBH for plot trees and ::;:, 19 em DBH for centertrees). 
prior to mortality (Wyckoff and Clark. 2002). Pedersen (1998) eva!- When the plot tree dataset was truncated to include the same DBH 
uated growth patterns associated with mortality in Midwestern range as the center tree dataset, the positive covariate association 
oak trees; trees with reduced diameter growth rates, potentially between initial DBH and post-treatment DBH growth no longer ex-
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Fig. 5. DBH growth rates (a and b) and height growth rates (c-e) of Oregon white oak and Douglas-fir plot trees (data do not include center oak trees) during two periods 

following release treatments. Douglas-fir height growth is for two tallest trees per plot at study installation. Analysis groups were defined by pre-treatment DBH ( ;>10 em) or 
height (,;;3m). Means accompanied by the same letter do not differ (95% confidence level); non.sequential significance patterns (e.g., an intermediate value differs from the 
smallest value, whereas the largest value does not differ from tl1e smalfest) are a result of differences in variation among treatments. 

is ted. Thus, the smaller-diameter oak trees in this study (i.e., 10-
19 em DBH) were associated with the least post-treatment DBH 
growth. 

Oak height growth was not influenced by release treatments, 
but pre-treatment height was negatively associated with post­
treatment height growth for both center and plot oaks. Assuming 
that productivity is similar across sites, this trend may be a result 
of the slowing of oak height growth with age, which is character­
istic of many oak species (Carmean, 1972). Similarly, oak crown 
area index increment was not significantly affected by the treat­
ments, although it is possible that crowns responded to treatments 
in a way that was not well captured by our measurements. For 
example, we did not quantify density of foliage within the crown, 
which is related to tree vigor (Meadows and Stanturf .. 1997), or 
individual-tree leaf area. Crown expansion associated with epicor­
mic branch formation was reported in the year-5 analysis (Devine 
and Harrington. 2006); at year 10, we observed that the epicormic 
branches reported at year 5 were still present and continuing to 

develop. Based on crown development patterns in other species. 
and observations of the oak trees in our study, it is likely that some 
of the branches that originated as epicormic sprouts following re­
lease will compose a significant and permanent component of the 
crowns (Bond and Midgley, 2003; Ishii and Wilson, 2001). 

Acorn production varied widely among study years; annual lev­
els of acorn production by this species are generally synchronous 
within the Puget-Willamette Trough but are influenced by multi­
ple climatic factors (Peter and Harrington. 2009). The greater acorn 
production of trees in the full-release treatment was likely affected 
by the increased exposure of crowns to direct sunlight (Sharp and 
Sprague, 1967; Post, 1998; Peter and Harrington, 2002). Initial 
crown area also was positively correlated with production, likely 
because trees with larger pre-treatment crowns had less dieback 
prior to treatment and an overall higher level of vigor (Devine 
ancl Harrington, 2006). The relationship between vigor and acorn 
production is evident in the fact that 1 0-year DBH growth was pos­
itively. correlated with acorn production in the years when overall 
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production was high (e.g., r=0.43; p=0.0002 in 2004). The pat­
terns in relative acorn production associated with the three treat­
ments were similar to patterns reported for trees classified as good, 
moderate, and poor acorn producers in a study of five oak species 
in the southeastern USA (Greenberg, 2000). In that study, differ­
ences in production among the three classes of trees were most 

Kern, .who took thelead. in study establishment. We thank Robert 
Fimbel, jeffrey Foster, Christel Kern, and Pat Cunningham for 
reviewing an earlier version of the manuscript. 
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