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Woodland restoration has been conducted in many countries, primarily in Mediterranean regions, but
has only recently been attempted on publically and privately owned lands in the eastern United
States. We reconstructed historical stand dynamics and tested the immediate effects of an oak
(Quercus) woodland restoration treatment on forest health, inferred from tree-ring widths (TRW). The
stands were upland white oak (Q. alba) and chestnut oak (Q. prinus) dominated and were located on
the Cumberland Plateau of eastern Kentucky, USA. The stands regenerated primarily under a severe dis-
turbance regime concurrent with peak industrial logging approximately 100 years ago. A relatively high
percentage of trees (38 percent) recruited under large canopy gaps or clearings, indicative of a severe dis-
turbance; however, gap-phase dynamics was also an important process in oak recruitment to the canopy.
Primarily small (<31 cm DBH) and young (<110 years old) trees were removed during the restoration
treatment, and mean DBH of residual trees was 13 cm larger than harvested trees. Residual trees were
22 years older than harvested trees, but this difference was not significant. The largest and oldest trees
represented important legacy trees that could provide desirable forest biodiversity attributes. Residual
trees had larger TRWs than harvested trees, beginning in the 1930s, and these differences increased over
time. Residual trees also had larger TRW during two recent drought events (1986 and 1999), but recovery
following drought was similar between residual and harvested trees. Managers can use well established
silvicultural techniques to obtain desired stand structural conditions, while selecting healthy trees that
have better response to stress factors such as drought. The oak woodland restoration treatment may help
to maintain residual overstory trees until oak regeneration can be recruited to provide sustainability
towards the next generation.

Published by Elsevier B.V.
1. Introduction

Forest restoration is a management goal for many public and
private forest land owners throughout the world where long-
term sustainability and resiliency are important targets (Stanturf,
2015). Restoration has been an evolving concept in which termi-
nology and goals are sometimes debated, but it is generally agreed
that forest restoration requires the implementation of silvicultural
practices (Dumroese et al., 2015; Stanturf, 2015). Restored oak
woodlands is a desired future condition in many southeastern for-
ests of the U.S., with specific restoration goals and objectives
included in Land and Resource Management Plans for national
forests of the USDA Forest Service (2004a–c), for management
coalitions involving Non-governmental Organizations (NGOs) such
as the Nature Conservancy (USDA Forest Service, 2015), and for
state agencies (Vander Yacht, 2013).

A woodland has been defined as having an oak dominated over-
story, a sparse midstory and understory, and diverse ground flora
(Dey et al., 2016). Open-structured oak woodlands were histori-
cally important throughout the world, particularly in Mediter-
ranean climates (Roche et al., 2012; Selvi and Valleri, 2012;
Schaich et al., 2015), but were also widespread in the temperate
zone of the Midwest and Central Hardwood Region of the United
States (Fralish et al., 2000; Dey et al., 2016). Oak woodlands in
the US have been reduced in extent since European settlement,
and fire was an important historical process in these ecosystems
(Ryan et al., 2013). Fire alone will typically not restore open wood-
lands, however, if overstory tree density is relatively high (Arthur
et al., 2015; Brose, 2014). The oak woodlands of the southern Appa-
lachian region in the USA probably occurred on sites with specific
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edaphic qualities that limited available soil moisture, such as shal-
low, rocky soils, but the historical spatial and temporal extent of
oak woodlands in the region is relatively unknown (Matlack,
2013).

Tree-ring analysis (i.e., dendrochronology) is a robust tool that
can be used to understand current forest conditions, causes of
degradation, and in development of realistic end points or targets
for restoration. Dendrochronology augmented by field measure-
ments can be used to test for desirable indicators of restoration,
including a diverse stand age and size structure, tree growth, and
diverse species composition (Hart et al., 2012; Anning et al.,
2014; Haavik et al., 2015; Pach and Podlaski, 2015). Tree-ring
growth rates can be used to infer overall forest health conditions
because they correlate well to survival following stress events,
such as drought or insect attacks (Pederson, 1998; Voelker et al.,
2008; Haavik et al., 2015).

Silviculture, applied through commercial timber harvesting, can
provide a cost-efficient and ecologically effective way to initiate
the process of restoring oak woodland habitat by reducing stand
density while retaining healthy oak trees (Dey, 2014). However,
management effects of restoration treatments on desired ecologi-
cal conditions, such as improved forest health, have gone relatively
untested. While thinning or other silvicultural practices improve
tree growth for timber (Gingrich, 1970), these same practices can
be applied to meet restoration goals, such as improving resiliency
or adaptability to impending threats such as insect attacks,
drought, or climate change (Dumroese et al., 2015).

A landscape-scale (approximately 1300 ha) study was imple-
mented in eastern Kentucky, USA in 2004, under the auspices of
the 2003 Healthy Forest Restoration Act, as part of the Daniel
Boone National Forest Management Plan (USDA Forest Service,
2004a). The study was designed to examine how various silvicul-
tural treatments may enhance resiliency of oak dominated forests
to impending forest health concerns, including oak decline and
threats from exotic invasive pests (Schweitzer et al., 2014). One
of the silvicultural treatments in this study included restoration
of putatively degraded closed-canopy forests to open oak wood-
land habitat using commercial timber harvest followed by pre-
scribed fire. Early field data indicated that the initiation (i.e.,
commercial timber harvest) of the woodland restoration treatment
increased oak dominance and crown vigor, but questions remain
about the health and potential resiliency of residual trees once pre-
scribed burn treatments are implemented.

In this study, we reconstructed stand history and examined
effects on forest structure and tree health due to an oak woodland
restoration treatment using the dominant canopy species, white
oak (Q. alba L.) and chestnut oak (Q. prinus L.). This forest has not
yet been impacted by exotic insects, but other disturbances that
affect forest health have occurred, including drought. The objec-
tives of our study were to (1) reconstruct historical temporal
dynamics of white oak species using dendrochronology to better
understand forest development and conditions prior to the restora-
tion treatment, and, (2) to determine the immediate impact of the
oak woodland restoration treatment on indicators of forest resi-
liency and adaptability. For objective two, we compared and con-
trasted harvested and residual trees for differences in (a) age and
size structural attributes, and (b) health inferred from past tree-
ring growth.
2. Methods

2.1. Study site

The study took place on the Daniel Boone National Forest, Lon-
don Ranger District, Kentucky, and the oak woodland restoration
treatment was replicated in 6, 10 ha stands throughout the forest
as previously described in Schweitzer et al. (2014). The oak wood-
land restoration treatment was initiated in 2007 by commercially
harvesting 40–60 percent of trees P13 cm diameter at breast
height (DBH) to obtain a residual basal area of 10–16 m2 ha�1.
Non-commercial trees <13 cm DBH were felled using chainsaws.
White oak and chestnut oaks were favored as residual trees, and
an objective of the treatment was spatial and vertical heterogene-
ity. The harvesting treatment was to be followed by prescribed
burning every three years beginning in 2010. We randomly
selected 5 of the original 20 circular vegetation plots (0.01 ha)
described in Schweitzer et al. (2014) from each stand to conduct
our data collection.

2.2. Data collection

Prior to restoration treatment in winter 2005, we measured
diameter at breast height (DBH) of all white oak (n = 71) and chest-
nut oak (n = 65)P 13 cm DBH on each plot in each stand. Each tree
was permanently tagged. Cores were collected from each tree
using increment borers at breast height (�1.4 m) prior to treat-
ment. Only one core per tree was collected. One year after wood-
land restoration treatments were implemented (2008), but prior
to the first prescribed burn, we tallied residual and harvested trees.
Tree cores were not collected following the treatment.

We processed (i.e., mounted and sanded) cores using standard
techniques (Stokes and Smiley, 1996), and visually dated each core
under a stereo-zoom microscope. We measured annual tree-ring
widths (TRW) to the nearest 0.001 mm using a Velmex stage
micrometer and MeasureJ2X software. We used COFECHA software
for quality control of dating to ensure each ring was dating to the
exact calendar year (Grissino-Mayer, 2001). If the pith was not vis-
ible, we used graphical techniques to estimate the pith date (Clark
and Hallgren, 2004). If visible estimation of the pith was not possi-
ble, we used linear regression to predict age from DBH using SAS
software (SAS, 2012; Clark and Hallgren, 2004).

2.3. Release chronology development

We excluded 33 cores from tree-ring analysis due to rot, dam-
age, or exceptionally suppressed growth that made tree-ring mea-
surements impractical, for a total of 59 white oak cores and 44
chestnut oak cores used in this study. We identified canopy
releases across both species using the radial growth averaging
technique, a proven method to detect canopy disturbances in oak
species (Nowacki and Abrams, 1997; Rentch et al., 2002). A previ-
ous study found a 1:1 relationship between canopy release and
percent growth change in ring-width in 55 year old trees (Rentch
et al., 2002). We identified a release when the percent growth
change between the running TRW mean of the previous and the
subsequent 10 years exceeded a certain threshold, but older trees
have been found to be less sensitive to release detection
(Nowacki and Abrams, 1997; McEwan et al., 2014). Therefore, we
lowered the threshold for release detection based on examination
of linear regression equations to predict positive percent growth
change by age. Although positive percent growth change was not
well explained by age, the relationship was statistically significant
(R2 = 0.01, P < 0.0001),

y ¼ 35:70� 0:21� ð0:00001� Age3Þ
We used the maximum predicted value for young trees (1–

100 years old), and older trees in 50 year age classes to set our
lower threshold for detecting minor release events (Table 1).

Major release events were identified as releases with twice the
value of the minimum threshold value (Nowacki and Abrams,



Table 2
Percent of average early summer (May-July) precipitation and average early summer
PDSI for four drought events and associated recovery periods.

Drought (D) or recovery (R) years Precipitation PDSI

1964–1966 (D) 68 �1.53
1967–1968 (R) 108 +0.86
1969–1970 (D) 61 �1.80
1971–1972 (R) 131 +1.89
1986–1988 (D) 73 �2.82
1989–1991 (R) 107 +2.48
1999–2000 (D) 79 �2.54
2001–2002 (R) 110 +0.49

Table 1
Threshold values (percent change in 10-year running mean) for detection of minor
and major releases.

Age
(years)

Number of
annual rings

Percent growth change
value for minor release

Percent growth change
value for major release

1–100 4568 35–71 P72
101–150 382 34–67 P68
151–200 237 29–57 P58
201–250 158 19–37 P20
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1997). Our threshold values for the younger age classes, which rep-
resented the majority of trees we sampled, were slightly higher
than thresholds used in other studies (Rentch et al., 2002; Hart
et al., 2012; McEwan et al., 2014) that were based in old-growth
forests where older trees have more conservative responses to dis-
turbances (Nowacki and Abrams, 1997). The lower threshold val-
ues for older trees is supported by previous research showing
that reduced growth response is reduced by age (Nowacki and
Abrams, 1997; McEwan et al., 2014), but older trees were rare in
this study (Table 1). We identified releases when the release
threshold was sustained for 3 or more consecutive years, a rela-
tively conservative approach in detection of release events that
helps to rule out false-positive events (Hart and Grissino-Mayer,
2008; Hart et al., 2012).

Release response duration could sometimes last a decade or
more and include consecutive minor and major release years.
Because it is impossible to determine if multiple release events
were occurring consecutively, we classified these long duration
events as a single release event. We classified releases as ‘major’
if more than three years during the release duration exceeded
the major release threshold. Otherwise, they were classified as
minor release events. This was justified because a 1–3 year lag
occurs between a disturbance event and associated maximum
release response (Rentch et al., 2002). We classified a large-scale
release as a release detected in at least one tree in each of the six
stands.

A release event was defined as all consecutive years in a single
release, and a release initiation year was defined as the first year of
a release event. We calculated the return interval (mean, standard
deviation, and median) as the number of years between two con-
secutive releases for release initiations and release events using
the composite data from all trees in all stands. We used the Fire
History Analysis and Exploration System (FHAES) to graph release
chronologies.

2.4. Classification of recruitment types

Trees in which the pith was visible and all tree-rings could be
measured (n = 58) were classified into understory origin or gap ori-
gin based on their early radial growth patterns (Rentch et al., 2003;
Hart et al., 2012). If the mean of the first 20 years of TRW exceeded
the mean of the second 20 years of TRW, the tree was classified as
gap origin (GO) tree. Otherwise, the tree was classified as under-
story origin (UO). If the tree had at least one major release event
after the first twenty years with ring-width >1.4 mm (chronology
mean ring width) during the peak of the release, we classified it
as gap release (GR). Otherwise, we classified the tree as no release
(NR). Therefore, four categories of recruitment were possible,
GOGR, GONR, UOGR, or UONR. GONR trees are assumed to have
originated from relatively large gaps because they experienced
no additional release for their recruitment, while GOGR trees are
assumed to have originated from smaller gaps, such as single-
tree gaps, because additional releases were required for their over-
story recruitment (Rentch et al., 2003) We visually examined each
graphically displayed series to confirm recruitment classes accord-
ing to Rentch et al. (2003), and we confirmed the trees classified as
UONR were not in dominant or co-dominant canopy positions
using data from Schweitzer et al. (2014).

2.5. Identification of past drought

We examined climate data from three local weather stations
(USC00154905, USC00154893, USW00003849) and Kentucky Cli-
mate Division 04 (NOAA, 2015) to identify potential drought years.
Station data were only available after 1945, so we restricted our
examination of drought after this date. We first examined the Pal-
mer Drought Severity Index (PDSI) monthly data for Kentucky Divi-
sion 04. PDSI ranges from �4 (extreme drought) to 4 (extreme
wet), and it incorporates several environmental factors affecting
tree growth including soil water availability (Palmer, 1965). We
looked for low early summer (May-July) PDSI values (i.e., below
normal) that occurred in two or more consecutive years, and we
corroborated these low PDSI values with low summer precipitation
values (i.e., below average) from the local weather stations. May
through July climate has consistently shown high correlations with
oak tree growth (LeBlanc and Terrell, 1993). We selected four
drought events (Table 2), and the two years following the drought
were recovery periods for further empirical tests of the treatments
as described below. Drought periods had below average precipita-
tion and PDSI while the recovery periods had average to above
average values.

2.6. Statistical analysis

A 5 percent alpha level was used to denote statistical signifi-
cance for all tests. We ignored species as an effect in statistical
tests due to relatively low sample sizes. We combined the two spe-
cies from all six stands to identify release events, develop release
chronologies, estimate release statistics, and calculate frequency
of recruitment types. Mean, standard deviation (SD) and Weibull
median release return intervals were calculated for release initia-
tion years using the composite chronology in FHAES. A decadal
release index was calculated by dividing the total number of
releases across all trees by the maximum number of trees sampled
for that decade, which is similar to the release frequency to sample
size ratio developed by Buchanan and Hart (2012). The release
index is intended to compensate for sample size bias. We calcu-
lated the release index for all release events, and for release initia-
tions of major and minor releases.

We calculated mean tree densities (trees ha�1) across stands
before and after the restoration treatment by 10-year age and 3-
cm DBH classes. We used asymptotic Kolmogorov–Smirnov (KSa)
two-sample tests in SAS (2012; Proc NPAR1WAY) to determine dif-
ferences in age and diameter distributions before and after the
restoration treatment.

We calculated mean TRW for each tree during the four identi-
fied droughts (Table 2). We also calculated percent growth change
in mean TRW for each tree from the drought to the recovery
period:



Fig. 1. Recruitment dates (pith date) of trees that recruited in gaps (A) (GO) or in
the understory (B) (UO), and had either no subsequent releases (NR) or additional
release (GR).
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% Growth Change ¼ TRWr � TRWd

TRWd

� �

where TRWd was mean TRW during the drought event and TRWr

was the mean TRW during the recovery period.
We tested fixed effects of the restoration treatment on continu-

ous dependent variables age, DBH, mean TRW during drought, and
mean percent growth change in TRW following drought using gen-
eral linear mixed models in SAS (PROC MIXED). We analyzed data
for these models as a randomized block design (RBD) where stand
(n = 6) was the random block effect in all models. The fixed effect
of restoration treatment consisted of two levels, denoting if a tree
was harvested or was left as a residual following the restoration
treatment. A separate model (PROC MIXED) was used to test the
fixed effects of restoration treatment, decade, and the interaction
on yearly TRW. This model was analyzed as a RBD with a split-
plot treatment arrangement, where restoration treatment was
the whole plot and decade was the sub plot. We used tree-ring data
after 1900 in this model to include 5 stands from 1901 to 1910 and
all six stands after 1910. We included decade in this model to filter
out high frequency yearly variability of TRW while preserving all
data from each tree series. Additionally, we wanted to determine
broad temporal patterns in TRW response to fixed effects. We used
TRW, as opposed to basal area increment (BAI), because we only
collected one core per tree, which can bias BAI measurements
when the pith is off-center. For models analyzing age, DBH, TRW
during drought, and percent growth change in TRW following
drought, plot was a random sampling effect. Plot was treated as
a random sampling effect and tree was a random sub-sampling
effect for the model analyzing yearly TRW and decade.

For analyses testing effects of restoration treatment on TRW
and decades, TRW during drought, or percent growth change in
TRW following drought we had a sample size of 51 trees that were
residuals, and 52 that were harvested. For the age and DBHmodels,
the sample size was 71 for harvested trees and 65 for residual
trees.

Because trees become less sensitive to factors affecting tree-
ring growth as they age, age was tested as a covariate in models
where TRW or percent growth change was the dependent variable.
We tested assumptions of including a covariate in the models,
which are that independent variables and the covariate were inde-
pendent of each other, and no interaction exists between indepen-
dent variables and the covariate. Age was not included in the
model as a covariate if these assumptions were not met. Age was
inverse transformed to meet normality assumptions.

Comparisons among least-squares (LS) means for models were
analyzed using Tukey’s mean separation, and LS means are
reported with their associated standard error. The ‘slice’ option
was used in the LS means statements to test for restoration treat-
ment effects within each level of decade. Normality assumptions of
residuals were assumed if Kolmogorov-Smirnov D-statistic was
less than 0.05 or the Shapiro-Wilk W-estimate was >0.95. Specific
p-values were not used in normality tests because these tests are
sensitive to sample size. Unequal variance was added to the model
if needed. The dependent variable age was log transformed, and
TRW and percent growth change were log transformed in all mod-
els to meet normality assumptions.

3. Results

3.1. Temporal stand dynamics

Of the 58 trees in which we had pith dates, 69 percent showed
evidence of recruitment in gaps (GOGR 31 percent, GONR 38 per-
cent) and 31 percent in the understory (UOGR or UONR), based
on early growth patterns. Only one tree (2 percent) was classified
as UONR. The average number of years from pith to the first release
of UOGR trees was 34 (standard deviation = 15.9; median = 26),
and ranged from 21 to 74 years, and all UOGR trees except one
experienced only one release. Most (82 percent) of GONR trees
established from 1880 to 1920 (Fig. 1). Approximately 44 percent
of GOGR trees also established during this time, and trees that
recruited in the understory (UOGR or UONR) established at rela-
tively evenly spaced intervals from 1874 to 1946. The one UONR
tree was 85 years old at the time of coring, and was cut during
the restoration treatment.

Releases were common at both the tree and forest scale
(Table 3). Release initiations and release years occurred in 26 per-
cent and 63 percent of the 226 years in the chronology, respec-
tively. Release initiations, both major and minor, became more
common over time as sample size increased (Fig. 2), while release
years were common throughout the entire chronology (Fig. 3). The
first release was recorded in 1808, a minor release, 37 years after
the beginning of the chronology (Fig. 3).

Seventy-six percent of all trees recorded at least one release
event, and trees averaged 1 release in their life (Table 3).
Forty-nine and 22 percent of trees recorded 1 and 2 releases,
respectively, and only 6 percent of trees recorded 3 or more
releases. A release initiation occurred every 3 years somewhere
in the forest (Table 3). The longest period without any release
initiations was from 1853 to 1879 (Fig. 2). The longest period of
consecutive release initiation years occurred from 1970 to 1985
(16 years). The 1973 release initiation was the most widespread,
occurring in 4 of 6 stands and in 10 percent of trees.



Table 3
Statistics for release events. A release initiation is the first year of a release event that
lasted at least 3 years.

All Major Minor

Number of release events recorded across all trees 116 55 61
Number of unique release initiation years 59 36 41
Number of unique release years 142 116 124
Percent of trees recording a release 76 46 44
Percent of years recording a release initiation year 26 16 18
Percent of years recording a release year 63 51 55

Mean release initiation return interval (years) 3.2 4.7 4.7
Std dev 5.2 8.6 6.6
Weibull median 2.0 2.3 2.8

Mean release length (years) 9.9 12.7 6.7
Std dev 4.8 3.9 3.3
Median 9 12 6

Mean number of releases per tree 1.1 0.5 0.6
Std dev 1.0 0.8 0.8
Median 1 0 0

Mean return interval for large-scale releases 23.7 – –
Std dev 19.0 – –
Weibull median 20.3 – –
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Three periods of frequent release occurred from the 1820s to
the 1850s, the 1880s to the 1900s, and in the 1970s and 1980s,
according to the release index (Fig. 4). The longest period without
a release year during the common interval for all six stands (1921–
1996) was from 1921 to 1931. Large-scale releases occurred in
1950, from 1973 to 1976, and from 1978 to 1991. However, in all
but the two youngest stands a large-scale release event also
occurred from 1907 to 1908 (Fig. 3). The mean return interval for
large-scale events could not be calculated for the common interval
due to low sample size (n = 3), but if the 1907–1908 event was
included, the mean return interval was 24 years (standard devia-
tion = 19 years; median = 20 years) (Table 3).
Fig. 2. Chronology (1771–1996) of major (A) and minor (B) release initiations by stand. D
the bottom of each graph.
3.2. Size and age structure

Mid-size and large trees (e.g., P31 cm DBH) had relatively low
densities, and the 16 and 19 cm DBH classes had the highest den-
sities prior to the restoration treatment (Fig. 5). The restoration
treatment removed approximately 70 percent of trees <31 cm
DBH, and retained approximately 77 percent of larger trees. The
DBH distribution changed significantly following the restoration
treatment (KSa = 1.54, P = 0.0170). Least-squares mean DBH of
residual and harvested trees was 36 and 23 cm, respectively, and
this difference was significant (F = 14.98, P = 0.0118).

The 90 year-old age class had the highest density before and
after the restoration treatment, but density in this age class was
reduced by 57 percent (Fig. 6). Approximately 59 percent of trees
in the seven youngest age classes (50–110 years old) were
removed during the restoration treatment, but all trees >120 years
old were retained. Age distributions did not significantly change
due to the restoration treatment (KSa = 0.8753, P = 0.4277).
Least-squares mean age of residual and harvested trees was 108
and 86, respectively, and this difference was nearing significance
(F = 4.52, P = 0.0868). The oldest tree was a 290 year-old white
oak (ca. 1714).

3.3. Tree health

TRW was not affected by the main effect of restoration treat-
ment (F = 3.91, P = 0.1049), but was affected by the main effect of
decade (F = 10.23, P < 0.0001). The interaction between treatment
and decade was a significant effect on TRW (F = 3.58, P = 0.0050).
The covariate, tree age, was a significant predictor of TRW, but
was not included in the model due to violation of the assumption
of no interaction between age and independent variables. Residual
trees had 0.23–0.69 mm larger TRW than harvested trees from the
1930 to the 2000s, and these differences were significant in the
1940s and from the 1970s through the 2000s. (Fig. 7). In the
ark vertical bars indicate release initiations. A composite chronology is shown across



Fig. 3. Chronology (1771–1996) of all release years by stand. Dark vertical bars indicate release initiations. A composite chronology is shown across the bottom. Solid vertical
bars extending through all stands indicate large-scale releases.

Fig. 4. Release index chronology (number of releases divided by maximum sample size by decade) and number of trees used to calculate the release index.

Fig. 5. Diameter at breast height (DBH) distributions for stands before and after an
oak woodland restoration treatment.

Fig. 6. Age distributions for stands before and after an oak woodland restoration
treatment.
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Fig. 7. Decadal least-squares means of tree-ring widths (TRW) for harvested and
residual trees in an oak woodland restoration treatment. Decades with asterisks
indicate significant differences (P < 0.05) between harvested and residual trees.

Table 4
Analysis of variance for effects of restoration treatment on mean tree-ring width
(TRW) and percent growth change in TRW during recovery period for each drought
event and for all drought events combined.

Drought
event

Mean TRW during
drought

Percent growth change
in TRW from drought
to recovery period

F P F P

1964 3.30 0.1291 0.57 0.4831
1969 4.61 0.0845 0.07 0.8060
1986 6.26 0.0543 0.70 0.4062
1999 13.27 0.0149 0.03 0.8683
Combined 4.85 0.0789 0.08 0.7944
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1900s decade, harvested trees had 0.45 mm larger TRW than resid-
ual trees, but this difference was not significant (F = 2.25,
P = 0.1367).

The effect of restoration treatment on mean TRW during
drought events was significant for the two most recent drought
events, andwas nearing significance for the 1969 drought (Table 4).
Residual trees were 0.38 and 0.60 mm larger in mean TRW than
harvested trees for the 1986 and the 1999 droughts, respectively.
Percent growth change in TRW following drought events was not
affected by the restoration treatment for any of the drought events,
separately or combined. Least-squares means for TRW during
drought years for residual and harvested trees were 1.21 and
0.88 mm, respectively for all droughts combined, and this differ-
ence was bordering on significance. Tree age was only significant
as a covariate in the combined model for mean TRW during
drought events, and age was positively related to TRW.

4. Discussion

4.1. Historical reconstruction

Few empirical studies have actually been conducted in second-
growth forests (cf. Nowacki et al., 1990; Rentch et al., 2002;
Hutchinson et al., 2008), particularly in the southern Appalachian
region (cf. Keever, 1953; Hart and Grissino-Mayer, 2008; Hart
et al., 2010). Instead, most studies that correlate disturbances to
stand dynamics have been conducted in old-growth forests that
represent only a small fraction of existing stands and have been
largely immune to severe anthropogenic disturbances that domi-
nated most of the landscape in the 19th and early 20th century
(Nowacki and Abrams, 1997; Rentch et al., 2003; McEwan et al.,
2014). Peak logging activity in the southeastern United States
occurred in the early 1900s, with 913 million board feet harvested
in Kentucky in 1907 (Ahern, 1933). Several lines of evidence indi-
cate that the severe disturbance regime ca. 1880–1920 created
oak-dominated forests in our study, including the large pulse of
oak establishment in the 90 year-old age class (Fig. 6), a relatively
high release index from the 1880s to the 1920s (Fig. 4), and the
large-scale release (if stands with common intervals pre-1910
were analyzed) from 1907 to 1908. The majority of trees (60 per-
cent) had releases each year from 1900 to 1903 (n = 7), and nearly
all of the GONR trees, obtained canopy status from 1880 to 1920
(Fig. 1). Obtaining canopy accession directly from the seedling
stage (�1.3 m in height, coring height), except on the most xeric
sites, would require a relatively severe disturbance or several dis-
turbances in close succession (Loftis, 1990; Hutchinson et al., 2008;
Arthur et al., 2012).

Disturbance events ca. 1880–1920 that were intense enough to
create distinct age cohorts were found in nearby second-growth
(Hart and Grissino-Mayer, 2008) and old-growth Cumberland Pla-
teau forests (McEwan et al., 2014), as well as other forests through-
out the eastern United States (Buchanan and Hart, 2012). However,
compared to second-growth (Hart and Grissino-Mayer, 2008;
McEwan and McCarthy, 2008), and old-growth oak studies
(Buchanan and Hart, 2012; Hart et al., 2012) that used similar
methodology for release identification, release durations were
approximately 5–6 years longer in our study, but return intervals
for release initiations were similar. The majority of these studies,
in addition to a study from a nearby old-growth forest that had
more conservative criteria than our study (McEwan et al., 2014),
had either no releases or were 16 to >100 years longer in return
intervals for large-scale (or widespread) release events following
European-settlement compared to our study (24 years). These
results provide evidence that releases were more widespread and
more intense in our study compared to most others. This finding
is compelling because we probably underestimated disturbance
frequency because we only used one core per tree (Buchanan and
Hart, 2011), and our threshold value for release detection was
slightly higher compared to most. The 1950 and 1970s through
1980s large-scale release events in our study could have been
caused by logging, spurred by high timber demands during these
periods (McKeever and Hatfield, 1984), but we were not successful
in obtaining historical logging data for the forest. Concurrent
recruitment pulses during these periods were not detected because
trees were probably too small (i.e., <13 cm DBH) to be sampled.
Interestingly, relatively high disturbance pulses in the 1980s were
also documented in a nearby oak forest (Hart and Grissino-Mayer,
2008), but causes of the releases were unknown.

We had 36 percent more trees recruiting as GONR trees com-
pared to Hart et al. (2012), but the percent of trees recruiting in
the understory (UOGR; 31 percent) was relatively similar. The dif-
ference in number of GONR trees is probably due to the severe dis-
turbance of our forest compared to the old-growth forest of Hart
et al. (2012) that was characterized by gap-phase dynamics. How-
ever, we found 19 percent fewer GONR trees and relatively similar
understory recruitment compared to some old-growth forests on
the Alleghany Plateau (Rentch et al., 2003), that appeared to estab-
lish during stand-initiating disturbances that pre-dated European
settlement. In our study, understory residence times were similar
to Hart et al. (2012), but approximately 50 years shorter than
Rentch et al. (2003). Regardless, results from all studies indicate
that white oak species are capable of long understory residence
times (30 to >100 years) (Abrams, 1996).

Because we cored at breast height (�1.3 m), trees could be clas-
sified as ‘advanced reproduction’ at their pith date (e.g., Loftis,
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1990), and an average of three decades passed until opportune
conditions occurred for advance reproduction UOGR trees to
recruit to the canopy. Our results support silvicultural practices
based on theories that white oak species require a series of distur-
bances to recruit to the canopy, and that gap-phase dynamics can
be an important part of natural stand succession in these ecosys-
tems (Hart et al., 2012; McEwan et al., 2014). Field studies have
also found empirical support for management using a series of dis-
turbances, including fire, herbicide, and overstory removal, to favor
oak recruitment to the canopy, at least to the early stem exclusion
stage of forest development (Brose, 2014; Royse et al., 2010;
Hutchinson et al., 2012).
4.2. Changes in forest attributes due to restoration treatment

Our historical reconstruction coupled with field data indicate
that the stands were impacted by exploitive harvesting and con-
version to simpler stand structure, which have been viewed as
degradation agents that negatively affect forest sustainability
(Stanturf et al., 2014a). These severe disturbances, however, led
to the creation of an oak dominated forest, the forest type that
many public and private land managers are currently attempting
to sustain or restore, mostly without success (McEwan et al.,
2011). Lack of advanced oak reproduction was previously recorded
in this forest (Schweitzer et al., 2014), which is also an indicator of
forest degradation (Stanturf, 2015).

Three lines of evidence indicate that the restoration treatment
improved overall health and vigor of the forest. First, the restora-
tion treatment favored a stand structure that contained larger
and older trees. The restoration treatment did not affect age as
much as size, which would be expected given that selections were
made based on phenotypic characteristics and age is not always
closely associated with size in second-growth forests. The
increased size, and to a lesser extent, age, of residual trees was a
desirable outcome for this restoration treatment, and may be an
indicator for improved biodiversity (McElhinny et al., 2005). In par-
ticular, the few remnant old trees (e.g., >200 years old) that were
retained represented important ecological legacies that provided
complexity of structure (Stanturf et al., 2014b) and can offer resi-
lience to stressors such as a changing climate (Noss, 2001).
Although relationships between stress resiliency and age can be
negative (Copenheaver et al., 2011; D’Amato et al., 2013), we found
a positive relationship between age and TRW in the model testing
effects of restoration treatment on mean TRW during drought.

The larger TRW of residual trees compared to harvested trees in
five of eleven decades provides a second line of support that the
restoration treatment improved overall forest health and vigor.
We found that residual trees had larger TRW, albeit not always sig-
nificantly, beginning ca. 1930 (Fig. 7) when the majority of trees
were approximately 15–25 years old (Fig. 6). At this age, the forest
would be ending stem exclusion or beginning the understory re-
initiation stage of development. Trees segregate into different
crown positions during this time (Oliver, 1981), and these posi-
tions were mostly maintained until restoration treatment was
implemented. Oaks selected as leave trees developed and main-
tained a healthy crown over the last 80 years that would have been
visually discernable during residual tree selection in 2007. One
interesting finding is that residual trees had lower mean TRW than
harvested trees in the 1900s, albeit not significantly (Fig. 7). A pre-
vious study found oaks with slow early growth had relatively fast
growth later in life and were more likely to survive decline events
caused by drought and insect infestations than trees with rapid
early growth (Haavik et al., 2011). These results suggest that resid-
ual trees with slow early growth in this study may be less prone to
succumb to oak decline.
Our third line of evidence indicating the restoration treatment
improved overall forest health was that mean TRWs during the
1999 and 1986 droughts were larger for residual trees than har-
vested trees. Drought contributes to tree-ring decline and mortal-
ity (Jenkins and Pallardy, 1995; Voelker et al., 2008; Haavik et al.,
2011), but our results indicate that selection for oaks with healthy
and dominant crowns will mitigate for drought effects on oak
decline. We did not find, however, that recovery after drought
was better for residual trees than harvested trees. One explanation
is that the identified droughts may not have been severe enough to
impede growth of trees (even those with reduced growth during
the drought) in years following drought. Oak trees can survive
for decades through drought events before noticeable decline
symptoms manifest (Pederson, 1998), and the relationship
between drought and tree-ring growth is complex, affected by site
conditions, tree density, and age (Jenkins and Pallardy, 1995;
Voelker et al., 2008; Copenheaver et al., 2011). Additionally, dead
trees were not sampled in our study, so TRW estimates for declin-
ing or unhealthy trees were underrepresented (Voelker et al.,
2008). Factors we were unable to identify (e.g., frosts, fire, wind,
ice storms) may have contributed to high growth variability during
drought and recovery years. In fact, a late-season frost was docu-
mented in the region in 1986 during the 1986–1988 drought event
(Liu and Muller, 1993). The larger TRW in residual trees overall and
during drought events, however, suggests the restoration treat-
ment may have improved resistance to stress, such as droughts,
in the future (D’Amato et al., 2013).

Thinning or other silvicultural practices to promote growth of
residual trees is a basic tenet of forest management. Increases
in timber volume due to thinning or two-age shelterwood
regeneration harvests are based on selecting trees with higher
prior growth rates and dominant or co-dominant crown conditions
(Gingrich, 1970), which are indicators of tree health. Well
established silvicultural treatments, such as regeneration
harvesting or thinning, should be appropriate to reach goals of
improving forest health and restoring a stand to a desired
structure, such as a woodland (Dey, 2014). Our results indicate that
restoration and traditional timber production objectives may be
aligned when retention of residual trees is a primary goal, an
important part of the practical application of restoration
management (Stanturf et al., 2014b).

4.3. Implications for restoration

Much of eastern North America was severely impacted by large-
scale destructive disturbances during European settlement (Ahern,
1933; Abrams, 1996). The forest landscape in this study was no
exception, and we found evidence of a disturbance somewhere in
these 6 10-ha stands every 3 years with large-scale disturbances
occurring on a 24 year rotation. While some of these disturbances,
particularly those occurring during stand initiation, would be con-
sidered agents of degradation (Stanturf et al., 2014a), improve-
ments in forest health were achieved at forest maturity through
removal of less vigorous trees identified by their crown condition
and position (Schweitzer et al., 2014).

The stands might be more resilient to climate change, drought,
pests, and pathogens due to the retention of legacy trees and trees
with increased tree-ring growth following the restoration treat-
ment (Noss, 2001; Millar et al., 2007). The health of residual trees
is a measure of success of restoration or other silvicultural treat-
ments (Anning and McCarthy, 2013), and additional monitoring
will be necessary to determine effectiveness of prescribed burning
and to determine if forest health conditions and inciting factors
change over time. Reducing stand density initially improved over-
all tree vigor, but desired drought response may decrease as stands
age if stand density remains low (D’Amato et al., 2013). In our
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study, additional management may be necessary to remove trees
that quickly recruited to the canopy (GONR trees), but may not
yet be exhibiting decline symptoms in their crown morphology
(Haavik et al., 2015).

Silviculturally, the oak woodland restoration treatment, at least
in the early stages, is similar to a two-age shelterwood-burn
regeneration method designed to increase the oak component of
future stands (Brose, 2014). However, the shelterwood-burn
method is focused primarily on oak recruitment into the canopy
while the oak woodland treatment is focused primarily on residual
tree health and stand structure. With much focus on the oak
regeneration problem in the last few decades (Dey et al., 2010;
Arthur et al., 2012), our findings indicate that forest managers
can use established silvicultural practices, such as two-age
regeneration harvests, to improve overall health of residual trees
while also regenerating the stand, particularly where long-lived
species dominate. The stands in our study are currently experienc-
ing an oak recruitment problem due to the high density of red
maple and other large seedlings relative to oak (Schweitzer et al.,
2014), as has been reported throughout eastern North America
(Dey et al., 2010; Brose et al., 2013). Recruitment of new
regeneration in these stands may only be achieved by halting
prescribed burning (Arthur et al., 2012). With proper residual tree
management, this forest can endure decades of oak regeneration
and recruitment failure before treatments are implemented that
successfully recruit the next cohort. This long-term management
view is especially important during a time of impending threats
from climate change, exotic pest species, and administrative
constraints to management.
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