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Abstract

Oaks (Quercus spp.) are becoming less dominant in general throughout the Central Hardwood
region of the eastern United States, causing a shift in forest composition that impacts the ability of these
forests to provide timber and ecosystem services. Insufficient oak regeneration is often cited as the
main cause of these changes. In order to learn more about the recruitment of successful oak seedling
regeneration, this study examined 23 mature oak stands that had reached exclusion stage of stand
development (15 to 20 years after harvest). The objective was to develop predictive models of oak
seedling success dependent upon initial conditions and on conditions within the first decade after
logging. A model based on the aggregate height of all oak seedlings > 0.5ft (15cm) offered the best
prediction of oak seedling success from pre-harvest data. Post-harvest models were more predictive, as
expected, and were enhanced by contrasting the height of dominant oak seedlings to that of competing
species. Of all competing tree species, red maple (Acer rubrum) and black birch (Betula lenta) were the
two most frequently encountered, and important differences in their effects on oak seedling success
were quantified. The increase in power associated with post-harvest height measurements was greatest
between 1 and 4 years following the harvest. Stands where white oak (Quercus alba L.) composed a
greater percentage of the oak regeneration had higher rates of successful oak seedlings after accounting
for the sizes of oak and non-oak regeneration. Site quality and other candidate variables did not improve
predictive power of the best models, but these variables were correlated with significant predictors
included in models. These findings provide new information for evaluating oak regeneration both before
and after harvest of mature oak forests.
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Introduction
Oak (Quercus) species are an important component of the Central Hardwoods forest, a region
that covers much of the eastern United States (Fralish 2003). Over the past several decades, however,
oaks have generally lost dominance throughout this region, especially where they have been historically
most important (Fei et al. 2011). Drivers of this change at the regional level are well-documented, and
include reduced fire frequency (Abrams 1992, Norwacki and Abrams 2008), defoliation of mature oaks
by gypsy moth (Lymantria dispar Linnaeus 1758) (Gansner et al. 1983), and an increase in the abundance
of white-tailed deer (Odocoileus virginiana Zimmerman) (Tilghman 1989, VerCauteren 2003, Rawinski
2008). Forest managers need tools and information to improve the success of oak regeneration under
these challenging circumstances.
Earlier studies have shown that oak seedlings must be established before logging to obtain
successful oak regeneration. Such seedlings, referred to as “advance regeneration” represent the
potential for oaks to capture growing space following a disturbance (Johnson et al. 2009). In a study of
12 upland oak stands in West Virginia it was found that the abundance of northern red oak (Quercus
rubra L.) and chestnut oak (Quercus montana Willd) 5 years after logging was positively correlated with
higher amounts of “small” advance regeneration (Trimble and Hart 1961). These seedlings were > 1ft
tall, but with a diameter at 4.5ft (DBH) above the ground < 1inch. A subsequent study of oak
regeneration (primarily white oak (Q. alba L.), black oak (Q. velutina Lam.), and scarlet oak (Q. coccinea
Muenchh)) in in 7 upland locations throughout Illinois, Indiana, Ohio, and Kentucky found that 50 to 90%
of all oak regeneration 2-4 years after harvest originated from small oaks (stems< 2inches DBH) that
were present before harvest (Sander and Clark 1971).
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While oak seedlings must be present in acceptable density, they also need to be larger relative
to other regenerating tree species prior to harvest (Sander 1971, Larson and Johnson 1998, Brose 2008).
For example, in a study of a clearcut in the southern Appalachians, northern red oak was present in
about half of study plots before harvest but was mostly suppressed 5 years after harvest by faster
growing competitors (McGee and Hooper 1970).
These previous studies (Sander 1971, 1972, Sander and Clark 1971) formed the foundation for
predictive models of oak regeneration widely used by land managers to this day. Sander et al (1984)
developed a model that predicted the success of oak regeneration 5 years after harvest from preharvest measurements of 394 advance oak seedlings located in 6 stands within the Missouri Ozarks,
where the species composition was primarily black oak and white oak. Stems that had reached at least
8.8ft at age 5 were considered successes, and future stocking at age 20 was estimated by assuming a 1%
mortality rate among these successful stems. The probability of success of an individual stem was
significantly increased for stems with greater pre-harvest height and basal diameters. Loftis (1990)
developed a similar model in North Carolina from annual re-measurement of 249 northern red oak
seedlings tagged before the stand was logged and followed through their eighth growing season.
Successful northern red oaks were defined as those that had reached a minimum height requirement
based on the site quality, and these heights were projected to age 20 based on expected rates of growth
and mortality quantified by earlier studies (Olson 1959, Beck and Hooper 1986). More recently, Gould et
al. (2006) predicted the oak seedling stocking of stands throughout central Pennsylvania in their 3rd
decade from advance regeneration measured before harvest. Chestnut oak, northern red oak, and black
oak comprised 80% of the oak regeneration in this study, but white oak and scarlet oak were also
present. This model predicted the future stocking of new oak trees based upon the average aggregate
height of oak seedlings per unit area; a composite measure of the size and density of advance oak
regeneration (Gould et al. 2006).

2

No single model has directly accounted for more than a few of the variables that might affect
oak regeneration simultaneously, but ongoing research continues to refine our understanding. All
models discussed so far include advance oak regeneration as the most important variable (Sander et al.
1984, Loftis 1990, Gould et al. 2006), and some also highlight the importance of site quality as a key
contextual factor (Sander et al. 1984, Loftis 1990). Current guidelines also acknowledge that competing
vegetation and deer herbivory need to be considered by forest managers who wish to regenerate oak
(Brose et al. 2008). Our knowledge of oak regeneration might be improved though the development of
comprehensive models that account for these various effects simultaneously.
A commonality among the oak regeneration models discussed so far is that they predict oak
seedling success at 20 or more years after harvest from pre-harvest observations, but they lack
observations directly connecting these two periods. Sander et al. (1984) observed oaks up to 5 years
after harvest and extrapolated the number of successful oak seedlings at age 20 based on rates of
mortality established in a previous study (Sander et al. 1976). Similarly, Loftis (1990) measured oaks for
8 years following harvest and assumed a minimum height requirement based on site index curves (Olson
1959). Gould et al. (2006) indirectly connected pre-harvest advanced regeneration observed in one
group of stands to the % oak seedling stocking observed at age 20 in a different set of stands using
approximate methods. Interest is drawn to success at age 20 because this is approximately when upland
oak stands reach the stem exclusion stage of stand development. It is a time when the crowns of
competing trees have grown together. The intense competition among regeneration at this stage
prevents the establishment of new stems, and those trees not tall enough to be a part of the canopy
begin to die from insufficient sunlight. Those that remain form the pool of regeneration that will grow
into the future forest (Oliver and Larson 1990). Unfortunately, direct observations linking success at age
20 to earlier observations were not available for the development of these models. Changes impacting
oak regeneration may occur after loss of the mature trees, but before the stem exclusion stage.
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Therefore, there is a need to determine how events directly following harvest alter the probability of
successful oak regeneration in ways that could not be presaged from pre-harvest measurements.
At the time of this study, 23 stands in the Oak forest Regeneration Study in Pennsylvania at Penn
State (ORSPA) had reached the stem exclusion stage of development. This presented an opportunity to
re-examine an existing model of oak seedling success (Gould et al. 2006) with direct observations of oak
seedling success and to augment predictions of success with early post-harvest information. The goal of
this study was to increase understanding of early successional factors impacting oak regeneration using
data from before harvest through age 7 to predict successes observed at the stem exclusion stage of
stand development 15 to 20 years after harvest. The extent to which oak seedling success could be
predicted by a combination of measurable factors, including advanced regeneration, non-oak
competition, and site quality, was tested using model-based inference in the form of multiple
complementary hypotheses. The main objectives were to develop predictive models applicable to other
stands, and to determine when post-harvest measurements might provide critical information about the
trajectory of stand development that might justify silvicultural interventions.
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Methods
Data Collection
The 23 forest stands used for this study (Figure 1) were part of The Oak Regeneration Study in
Pennsylvania (ORSPA). Of these sites, 3 were in the Appalachian Plateau and 20 in the Ridge and Valley
physiographic regions of Pennsylvania. These stands, 30 to 70 acres in size, were once mature oak
forests with an average oak basal area (cumulative cross-sectional area of stems at 4.5ft above the
ground) of 71ft2/acre. All 23 stands were harvested via a single removal with residuals under the
direction of the Pennsylvania Department of Conservation and Natural Resources Bureau of Forestry
between 1996 and 2003, and 15 to 20 years had elapsed since the cutting at the time of this study
(Average age 17.4 years).

Figure 1. Study stand locations (black dots): 3 in the Appalachian plateau (near Renovo, Pennsylvania)
and 20 in the ridge and valley region (near State College, Pennsylvania).
5

At the time of their most recent measurement, stands contained a mean of 34 residual trees
per acre, defined as trees with a DBH of at least 2 inches before harvest. Their density ranged from 11
to 95 trees per acre and their average basal area (cross-sectional area of trunk at breast height) was
27ft2/acre, ranging from 5.2 to 38.4 ft2/acre. Fencing was used in 11 of the 23 stands for varying periods
of time. Fencing was erected only where deer browsing was considered a potential problem for
regeneration. Type and duration of fencing treatments differed. This study considered fencing only as a
source of unexplained variation because of lack of control over the fencing treatment.
Within each stand during the last growing season before harvest, 12 to 30 permanent 26.3ft
radius (1/20th acre) plots, herein referred to as “main plots”, were established with regular spacing
(Figure 2). Nested within each plot were four evenly spaced 3.72ft radius 1/1000th acre plots, herein
referred to as “subplots”, whose centers were marked permanently with metal pins. Measurements
were taken before harvest, and afterwards at intervals of 1, 4, 7, 10, 15, and (in some stands) 20 years.
Prior to harvest, site quality (site index) was estimated by averaging the height and age of 3-4 mature
trees in each stand and standardized to northern red oak (Quercus rubra) site index (Carmean et al.
1989).
At each measurement interval, the DBH and species of residual trees in each main plot was
measured. Main plots were assigned an integrated moisture index (IMI) value as an estimate of site
quality based on local topography and soil series. The IMI was provided by Matthew Peters of the USDA
Forest Service Northern Research Station. The IMI is an estimate of long-term soil moisture calculated
from the USGS 10x10m digital elevation model and 30x30m soil data from USDA NRCS soil survey
geographic (SSURGO) as described by Peters et al. (2013) and Iverson et al. (1997). Elevation data were
used to calculate hillshade, curvature, and uphill contributing flow area (flow accumulation).
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ft

ft
Figure 2. Layout of study plots. Plots with a radius of 26.3ft “main plots” were laid out in a grid pattern
in each study stand. Within each main plot were nested four 3.72 ft radius “subplots” 1/1000th acre.

The available water holding capacity of the soil was determined from the soil series data. IMI values can
range from 0 to 100, respectively from driest to wettest. Several studies have found the IMI to be useful
in predicting the predominance of oak species (Iverson 1997) and severity of wildfires across the
landscape (Peters et al 2013). The coordinates of all 1/20th acre study plots were uploaded into ESRI Arc
Map 10 GIS software. Plot locations were overlaid on the IMI and values for each plot were then
interpolated from values at the point locations
After harvest, the species and number of sprouts on the closest stump to each subplot center
were recorded. The number of red maple stump sprouts per acre was estimated from closest stump
data. Red maple stump sprouts were of interest because of the ubiquity of sapling and pole sized trees
of this species in the study area, and its high re-sprouting probability (Fei and Steiner 2007, 2009).
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Within each subplot, tree seedlings and the amount of shading vegetation was measured.
Percentage cover of shading vegetation was visually estimated in two height strata, 5 ft and below
(Stratum 1) and between 5 and 20 ft (Stratum 2), and the data were recorded by species or species
group. The effect of competing non-tree vegetation was restricted to mountain laurel (Kalmia latifolia)
and rhizomatous ferns because these species were the most abundant, with a wide range of percentage
cover, and because of their known importance as an impediment to regeneration in the study area
(Campbell et al. 2015). Percentage cover of ferns and laurel over each subplot in both stratum 1 (<5ft)
and stratum 2 (5 to 20ft) were summed to obtain a total subplot coverage value that could range from 0
to 200% (Table 2). Tree regeneration was recorded by species and size class, and the heights of the
single largest or ‘dominant’ oak seedling (H-DomOak) and dominant non-oak (H-DomNonOak) were
separately measured and recorded. Any tree with a DBH <2in (5cm) in the pre-harvest measurement
was considered advance regeneration. Regeneration size was measured primarily as height, but
beginning in year 7 trees >5ft tall also received DBH measurements, and height was not always
measured for these trees. For trees that lacked height measurements in year 7 (14% of trees), heights
were estimated from DBH using simple linear regression. Tree species were grouped so that each group
contained enough individuals to be well-represented across study stands. These groups were: oak
species, red maple (Acer rubrum, L.), black birch (Betula lenta, L.), and all other species.
Height was estimated from diameter (DBH) using a linear regression of height as a function of
diameter based upon data from of other trees in the study that had both measurements (Equation 2,
Table 1). Transforming height and DBH values by square root homogenized variances across the value
range of diameters. After DBH values were centered with respect to mean DBH2 to remove structural
multicollinearity, the second order term (DBH2) was found to be significant for most species groups and
was included in the final regressions.
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Equation 1: Estimation of height from diameter at breast height

𝐻 = (𝛼 + 𝛽1 ∗ 𝐷𝐵𝐻0.5 + 𝛽2 ∗ 𝐷𝐵𝐻)2
Where:
H = estimated height (ft)
DBH = the measured diameter at breast height (in)
α, β1, and β2 = constants estimated using linear regression

Table 1. Summary of Equation 2: Height=(a + β1 *√DBH + β2 *DBH)2. Residual mean square error (RMSE)
in feet is displayed for each regression.
Species

n

Coefficients (Imperial)

R2

RMSE(ft)

All Oak

883

α=1.09, β1=3.13, β2= -0.353

.92

0.40

A. rubrum

823

α=1.10, β1=3.20, β2= -0.322

.93

0.37

B. lenta

617

α=0.815, β1=3.91, β2= -0.590

.90

0.45

Other

704

α=1.19, β1=2.79, β2= -0.165

.91

0.44

P. strobus

49

α=1.68, β1=1.36, β2= 0

.81

0.33

Narrative descriptions of regeneration written by field crews during measurement visits
sometimes suggested a connection between good oak regeneration and a substantial component of
white oak in the pre-harvest overstory/regeneration. In order to quantify this observation, the standlevel percentages of white oak in the preharvest oak overstory and subsequent oak regeneration were
also tested as independent variables.
In the final measurement, a combination of crown class designation (Helms 1998) and relative
height was used to determine whether milacre plots were successfully stocked with an oak seedling or
otherwise considered oak regeneration failures. Subplots were regarded as containing successful oak
regeneration if they contained one or more “dominant” or “codominant” oak seedlings. Previous
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research has shown that most trees beginning the stem exclusion stage in these favorable crown
positions are continue to dominate their immediate competition (Oliver 1978) much more likely to
survive than trees in lower crown classes (Ward and Stephens 1994, Johnson et al. 2009). The presence
of an “intermediate” seedling was also considered a success if its height was at least 85% that of the
tallest tree in a 6.8ft radius (1/300th acre) plot centered on the subplot. This 85% relative height
criterion is based on previous work in the study area, where it was found that oaks which eventually
became dominant or codominant were on average no more than 1 meter shorter than their nearest
competitors at age 15, which is about 85% the average height of dominant and codominant trees at this
age (6.5 meters) (Zenner et al. 2012). Studies of oak success in the southern United States employed a
similar 80% relative height criterion for oaks 5 to 10 years of age (Sander, Johnson, and Rodgers 1984,
Spetich et al. 2002).
Model candidate variables were measured at three spatial scales (Table 2). The response of
success or failure was recorded at the sub-plot scale, and most independent variables were measured at
this scale. These variables included measurement of seedling regeneration and competing non-tree
vegetation. The amount of regeneration in each species group was measured either as the sum of the
heights of all regeneration belonging to the species group (AgHt-species), or the height of the single
tallest tree belonging to the group (HDom-species). A non-oak group further generalized species:
grouping all non-oak trees together and subsuming the red maple, black birch, and other species groups
into a single group (Table 2). Variables measured at the main plot level included the pre-harvest density
of red maple overstory trees (#Trees-Maple), the post-harvest density of red maple stump sprouts
(#Sprouts-Maple), and IMI. Stand level variables included site index (SI), percentage of white oak basal
area as a portion of the total oak pre-harvest overstory (%Oak-White overstory), percentage of white
oak as a portion of Aght-Oak regeneration (%Oak-White regeneration), and pre-harvest overstory basal
area as a seed source for black birch (BA-Birch), a strong competitor whose seedlings appeared in large
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numbers following harvest (Lamson 1990) (Table 2). A multitude of other stand-level variables
representing geographic and climatic effects, such as aspect and precipitation, were also examined but
failed to provide any additional information about oak seedling success. In total the sample size was 23
stands, 581 main plots, and 2044 sub-plots.
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Table 2. Description of candidate predictor variables tested for building the best oak seedling success
prediction model and their predicted effect on the probability of oak seedling success (Pred. Dir.)

Level

Subplot
(1/1000th
acre)
<lowest
level>

Variable
AgHt-Oak
H-DomOak
AgHt-Maple
HDomMaple
AgHt-Birch
H-DomBirch
AgHt-Other

Definition
Aggregate height of oak seedlings
Height of dominant oak seedling
Aggregate height of all Acer rubrum seedlings

H-DomOther

Height of dominant Other species

AgHtNonOak
HDomNonOak
%C fern

Aggregate height of all non-oak regeneration

%C laurel
Main
plot
(1/20th
acre)
Stand
<highest
level>

#TreesMaple*
#SproutsMaple**
IMI***

Height of dominant A. rubrum seedling
Aggregate height of all Betula lenta
Height of dominant B. lenta
Aggregate height of all Other species

Height of dominant non-oak
Percent cover of rhizomatous fern cover
Percent cover of Kalmia latifolia (mountain
laurel)
Number of Acer rubrum trees > 2in DBH per
acre
Number of live Acer rubrum stump sprout
clusters within 10ft of subplot centers
Integrated Moisture Index (Peters et al.
2013)

Reason included

Pred.
Dir.

Oak seedling potential

(+)

Competing Acer
rubrum seedling
regeneration
Competing Betula lenta
regeneration
Competing
regeneration of other
species

(-)
(-)
(-)

All competing non-oak
regeneration

(-)

Competing non-tree
vegetation

(-)

Competing Acer
rubrum stump sprout
regeneration

(-)

Site Quality

(-)

BA-Birch*

Pre-harvest overstory basal area of B. lenta

Seed source/ indicator
for site suitability

(-)

%Oak-White
overstory
%Oak-White
regeneratio
n

Percentage of oak overstory stems that were
white oak (Quercus alba, L.)

Indicator Species

(+)

Percent of oak regeneration stems that were
white oak (Quercus alba, L.)

Indicator Species

(+)

Northern red oak site index (height @ age
50)

Site Quality

(-)

SI***

*Pre-harvest data Only
** Post-harvest data Only
*** Site quality variables did not vary with time
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Analysis
The objective was to develop models predictive of successful oak seedling regeneration at the
stem exclusion stage based on measurements made before harvest, or in years 1, 4, or 7 following
harvest using the subplot as the modeling unit. The probability of success was modeled with generalized
linear regression using either a “logit” link function (Equation 2) or a “negative exponential” link function
(Equation 3), depending on the quality of fit.
Equation 2: Prediction of oak success utilizing logistic regression
2.1 The response modeled is the “log odds” of success: ln(π/(1-π))
𝜋

𝑙𝑛 ((1−𝜋)) = 𝛼 + 𝛽𝑋 + 𝜀
Exponentiating both sides by e transforms this to:
2.2 Odds of success (π/(1-π))
𝜋
= 𝑒 ( 𝛼+ 𝛽𝑋+ 𝜀)
(1 − 𝜋)
Solving for π provides:
2.3 Probability of success

𝑒 (𝛼+𝛽𝑋+ 𝜀)
𝜋=
(1 + 𝑒 (𝛼+𝛽𝑋+ 𝜀) )
Where:
π = probability of oak success, x = value of predictor variable(s),
α = study-wide intercept (fixed)
β = slope coefficient(s) of the predictor variable(s), ε = residual error
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Equation 3: Negative exponential link function
𝜋 = 1 − 𝑒 −(𝛽𝑋)+ 𝜀
Where: π refers to the probability of a subplot containing a successful oak seedling at age 15-20
β = slope coefficient(s), X = predictor variable(s), and ε = error
As mentioned earlier, the relationship between advance regeneration and eventual oak
regeneration success was the foundation for the models explored in this study. Gould et al (2006) used
aggregate height (the sum of the heights of all oak seedlings per unit area) as a composite measure of
oak seedling size and abundance. However, because a seedling’s ability to acquire light is more directly
related to its leaf area rather than height, it was possible that the relationship between seedling height
and success was non-linear. Attributing higher weight to larger individuals might more accurately reflect
the aggregate potential of oak seedlings per unit area. In order to refine aggregate height as a predictor,
the probability of success was modeled as function of various forms of aggregate height, or ∑H, where H
is a height expression for each oak seedling in the subplot. The form of H was varied by Hx where x =0.5,
0.6, …, 4.0, and H>x where x = 0, 0.5ft, 1.0ft, …, 5.0ft. The predictive powers of these variables were
compared with those of the height of the single largest oak seedling in the subplot, and that variable
was subjected to the same power transformations (H-DomOakx). A separate model was created for each
measurement period (pre-harvest, year 1, year 4, and year 7), and the variable that was most predictive
of oak seedling success in each period was chosen as the base model for the respective period.
Before building upon the base model, the predictive power and fit of non-oak variables with
respect to oak seedling success was evaluated using those as independent variables in univariate models
of oak regeneration success. This revealed the predictive power of individual effects and permitted
assessment of relationships between each variable and the response to determine if transformation of
any predictor variable was required to improve model fit. The effect of non-oak competition was
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encapsulated in two different ways at each measurement period. First, a “general model” was fit where
competition was simplified to include only the height of the single largest regeneration of any non-oak
tree (H-DomNonOak). A complementary, “species-specific model” was explored where non-oak tree
regeneration was broken down into 3 species groups (red maple seedlings, black birch, and all other
species) and the effect of the subplot dominant of each group was estimated separately.
The “corrplot” package in R was used to compute Kendall rank coefficients of correlation (τ)
between the predictor variables (Wei and Simko. 2017). The R statistical software program was used to
further explore correlation among other variables of interest, using the R-package “lme4” (Bates et al.
2015) to fit the models, “MuMIn” to extract marginal R-square (Barton 2018), and “pbkrtest” to obtain
boot-strapped likelihood ratio tests for the significance (Halekoh and Højsgaard 2014). The best
representations of oak seedling potential were then combined with non-oak effects (Table 2) to create
the most predictive models of success for each measurement period.
In this study, the effect of varying residual tree density on oak seedling success was not directly
estimated but it was accounted for via the inclusion of the stand-level intercepts. Residual trees have
been shown to reduce the growth and survival of shade-intolerant trees up to 100 feet from the crown
edge (Smith 1977), and in stands with a component of residual trees like those in this study, their
presence in the stand can reduce the growth of oak regeneration in favor of shade tolerant species even
where regeneration is not directly under residual crowns (Miller et al. 2006).
The model structure accommodated the clustering of main (0.02ha) plots within stands by
including an intercept for each stand in the fitted model. Stand intercepts were included as part of each
model, preferably as a variance component using a random stand intercept, but as a fixed effect in the
pre-harvest model because of technical difficulties in modeling stand as a random effect with the
negative exponential link. Stand intercepts were then modeled as a function of stand-level variables
using simple linear regression to test for the significance of effects measured at the stand-level. Stand15

level variables that remained significant predictors of stand-intercepts after accounting for the density
of residual trees were incorporated into the model and remained in the model if they improved
predictive power. The “glmer” function of the R package “lme4” was used to fit the mixed models and
the “glm” function of the same package was used to fit negative exponential models where stand was a
fixed effect. Maximum likelihood was used to estimate the fixed effect parameters. Sparse data
prevented fitting of a similar main plot intercept to compensate for pseudo-replication effect caused by
nesting of 4 subplots within each main plot. Therefore, the intra-class correlation coefficient (ICC) of
main plots was estimated from subplot data (Equation 4.1) and used to adjust the significance tests and
confidence intervals of parameters measured at the main plot and subplot levels (Equations 4.2 – 4.5)
(Hedges 2007).
Estimates of subplot predictor ICCs were close to zero (Figure 3). While negative values of ICC
are not theoretically possible, small negative values of ICC such as those seen in Figure 3 are often the
result of inaccuracies in the estimates of a true ICC that is positive, but very small (Giraudeau 1996,
Taylor 2009). An assumption of ICC=0.1 for all subplot variables was used to adjust (widen) confidence
intervals of parameter estimates in subplot models. This seemed appropriately conservative given these
results (Figure 3). By construction, main plot variables (Those measured at the 1/20th acre (0.02ha) plot
level) had an ICC of 1. This reduced the sample size of main plot variable significance tests appropriately
by a factor of 4.
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Equation 4 .1 Calculation of subplot variable intraclass correlation coefficient (ICC)s
𝐼𝐶𝐶 =

MSB − MSW
MSB + (c − 1)MSW

Where: MSB = mean square between main plots, MSW = mean square within main plots, a c = #
plots in a stand.
4.2 Adjustment of confidence intervals (CIadj) for parameter estimates

𝐶𝐼𝑎𝑑𝑗 = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒 ± 𝑡𝑎𝑑𝑗 ∗ 𝑆𝐸 ∗

1
𝑐

Where tadj is the adjusted test statistic (see 5.4 below), SE is the standard error of the estimate, and c is
constant that accounts for clustering.
4.3 Calculation of clustering constant c for Equation 5.2 (above)

(𝑁 − 2) − 2 ∗ (𝑛 − 1) ∗ 𝐼𝐶𝐶
𝑐=√
(𝑁 − 2) ∗ [1 + (𝑛 − 1) ∗ 𝐼𝐶𝐶]

Where N is the total number of subplots, n is the number of subplots per cluster, and ICC is the
intraclass correlation coefficient calculated in Equation 5.1 (above)
4.4 Adjusted test statistic (tadj)
𝑡𝑎𝑑𝑗 = 𝑡 ∗ 𝑐

𝑜𝑛 ℎ 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑓𝑟𝑒𝑒𝑑𝑜𝑚

Where t is the original test statistic and c is the constant accounting for clustering (Equation 5.3)
4.5 Degrees of freedom (h) for adjusted test statistic (Equation 5.4 above)

ℎ = (𝑁−2)(1−𝐼𝐶𝐶)2

[(𝑁−2)−2(𝑛−1)∗𝐼𝐶𝐶]2
+𝑛(𝑁−2𝑛)∗𝐼𝐶𝐶 2 +2(𝑁−2𝑛)∗𝐼𝐶𝐶(1−𝐼𝐶𝐶)
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Figure 3. Histogram of estimated intra-class correlation coefficients (ICC) of subplot predictors for each
stand over pre-harvest, year 4, and year 7 measurement periods. The line at 0 indicates theoretical
minimum of no ICC. Dotted lines indicate the 95th and 99th quantiles of the distribution of estimated
ICCs.

The Akaike’s Information Criterion (AIC) was used to screen candidate models, and only those
with the lowest AIC values received further analysis. Additional constraints were imposed to narrow
model selection. When two predictors were highly correlated by construction, for example AgHtNonOak and AgHt-Maple (Table 2), only one was allowed in the model at any given time. Predictor
variables with a p-value greater than 0.15 were removed from the model. For mixed models where the
approximated p-value of an effect was near 0.15, parametric bootstrapping with 1000 iterations was
used to reduce bias of the estimate of standard error, and the confidence interval was then adjusted
(widened) following Hedges (2007).
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Predictive power of remaining candidate models was compared using the area under their
Receiver Operator Characteristic curves (AUC). ROC curves are an intuitive measure of the power of
regressions that predict a continuous probability from binary data where traditional R-squared is not
applicable (Faraway 2016, Harrell 2015). The ROC curve plotted the model’s ability to correctly classify
successfully regenerated subplots (sensitivity) on the y-axis vs its ability to correctly identify
regeneration failures on the x-axis as the threshold of probability used to define “success” was increased
over a range of thresholds from P=0 (all plots predicted to regenerate) to P=1 (few or none predicted to
regenerate). In an ROC graph, the number of correctly and incorrectly classed predictions of success
both decrease as the threshold probability rises because fewer subplots have a predicted probability of
success high enough to be classified as successes. If a model is well specified, predicted successes
increase in concert with observed successes and more observations are correctly classified than
incorrectly classified over the range of thresholds. The better the model, the greater the area under the
ROC curve (Faraway 2016, Harrell 2015, Xiavier et al. 2011).
To construct ROC curves, the predicted probability of success for each subplot was generated
using parameter estimates of the chosen model while ignoring stand-level intercepts. These predicted
probabilities were then used to classify subplots as successes or failures along all thresholds. The
“pROC” package in R was used to calculate areas under the ROC curve (Xavier et al. 2011). Models with
areas under the curve near 0.5 were considered no better than random guessing. While an area under
the curve (AUC) of 1 would be perfect discrimination, AUCs of 0.8 to 0.9 are generally considered
“good”, 0.7 to 0.8 “fair”, and 0.6 to 0.7 “poor” (Tape. 2001). Delong’s test was used to determine
whether differences in AUC between models were significant (Delong et al. 1988).
Fit of final models was diagnosed visually by plotting the predicted probability of success vs the
linear predictor with observations binned by 2% quantiles along the linear predictor. Potential outlier
19

plots were identified (Cook’s distance > 3 times the mean) and 3 main 1/20th acre (0.02ha) plots were
removed where the data indicated pre-harvest disturbance evidenced by the abundance of many small
residual trees (DBH 2 to 6 inches (5 to 15 cm)) within the main plot.
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Results
Observed Rates of Success
Of the 2044 subplots included in this study, 223 were stocked with a successful oak seedling at
the time of the last measurement. This represents an average success probability of 10.9%. While no
single oak species accounted for a majority of successes, chestnut oak was the most common,
accounting for about 40% of all successes observed. Scarlet oak, white oak, and black oak accounted for
19.7%, 16.6%, and 14.3% of total successes respectively. Northern red oak was the least common
successful seedling, accounting for only 9% of all successes (Table 3).

Table 3. Number of successful subplots observed by oak species

Oak Species

Number of Successes
Observed

% Total Successes
Observed

White oak (Quercus alba)

37

16.6

Scarlet oak (Q. coccinea)

44

19.7

Chestnut oak (Q. montana)

90

40.4

Northern red oak (Q. rubra)

20

9.0

Black oak (Q. velutina)

32

14.3

Total

223

100
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Base Models of Oak Seedling Potential
AgHt-Oak was much superior to H-DomOak in both fit and predictive power in the pre-harvest
period (Figure 4). The best form of AgHt in the pre-harvest model was ∑H>0.5ft (15 cm). and exponents
below and above 1.0 did not improve fit or predictive power more than ∑H>0.5ft (15 cm). The negative
exponential link was superior in predictive power and fit, and more accurately represented the visual
relationship in plots comparing oak success as a function of the oak regeneration variables (not shown).

Figure 4. Predictive power (Area Under ROC curve ‘AUC’) and fit (Improvement in AIC over null model) of preharvest oak regeneration variables in predicting oak seedling success. Variables tested: the aggregate height of all
oak seedlings taller than threshold x (Hx), the aggregate height of all oak seedlings raised to the power x (H X), and
the height of the single tallest oak seedling raised to the power x (H-DomX). Variables were related to the response
using both logistic (solid circles) and negative exponential (open circles) link functions.

22

One year after harvest, stems < 1ft (0.3m) could be excluded from AgHt-Oak without a
significant loss of fit or predictive power of this variable (Figure 5). However, measurement of the single
largest oak seedling, H-DomOak, provided more predictive power and better fit than any AgHt-Oak
variable in year 1. As the distribution of H-DomOak was heavily skewed to the right, taking the square
root of this variable significantly improved model fit (Figure 5). With the logistic link function HDomOak1/2 was the best year 1 variable for predicting oak success.

Figure 5. Predictive power (Area Under ROC curve ‘AUC’) and fit (Improvement in AIC over null model) of year 1
oak regeneration variables in predicting oak seedling success. Variables tested: the aggregate height of all oak
seedlings taller than threshold x (Hx), the aggregate height of all oak seedlings raised to the power x (HX), and the
height of the single tallest oak seedling raised to the power x (H-DomX). Variables were related to the response
using both logistic (solid circles) and negative exponential (open circles) link functions.
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In year 4, the best fit of the AgHt-Oak variable was obtained by attributing greater value to
larger seedlings, whether this was done by ignoring seedlings under 2ft (0.6m) tall or exponentiating
individual stem heights (Figure 6). Still, AgHt-Oak was not as predictive as H-DomOak in year 4, and no
substantial improvement was gained by transforming the H-DomOak variable (Figure 6).

Figure 6. Predictive power (Area Under ROC curve ‘AUC’) and fit (Improvement in AIC over null model) of year 4
oak regeneration variables in predicting oak seedling success. Variables tested: the aggregate height of all oak
seedlings taller than threshold x (Hx), the aggregate height of all oak seedlings raised to the power x (HX), and the
height of the single tallest oak seedling raised to the power x (H-DomX). Variables were related to the response
using both logistic (solid circles) and negative exponential (open circles) link functions.
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Trends seen in year 4 continued in year 7. Improvements in predictive power of the AgHt-Oak
variable were made by either exponentiating stem heights or counting only stems > 5ft (1.5m). Yet, the
simpler variable, H-DomOak, was just as predictive and well-fitting as any AgHt-Oak variable without
transformation (Figure 7).

Figure 7. Predictive power (Area Under ROC curve ‘AUC’) and fit (Improvement in AIC over null model) of year 7
oak regeneration variables in predicting oak seedling success. Variables tested: the aggregate height of all oak
seedlings taller than threshold x (Hx), the aggregate height of all oak seedlings raised to the power x (HX), and the
height of the single tallest oak seedling raised to the power x (H-DomX). Variables were related to the response
using both logistic (solid circles) and negative exponential (open circles) link functions.
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Overall, the relationship between AgHt-Oak and success was best described by the negative
exponential, rather than the logistic link function. AgHt models with the negative exponential link had a
consistently better fit to the data than AgHt models fit with the logistic link despite transformation of
this variable (Figures 4 through 7). Conversely, models with H-DomOak fit better with the logistic link.
While the height of the largest oak (H-DomOak) was an inferior predictor at the pre-harvest
stage, this variable became just as useful as AgHt-Oak beginning in year 1 (Figures 4 and 5). In years 1,
4, and 7 model AUCs were not significantly different between H-DomOak and AgHt-Oak. Ultimately, the
post-harvest H-DomOak models were superior to AgHt models because only one measurement is
required on a plot compared with, potentially, many measurements for AgHt models.
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Univariate Relationships Between Oak Seedling Success and Non-oak
Variables
The logistic link function performed just as well or better than the negative exponential link
function in single-predictor models based on non-oak variables, so results are presented only for models
based on the logistic link function (Table 4). The pre-harvest height of the dominant black birch in the
subplot (H-DomBirch) had a marginally significant (p-value <0.15) relationship with oak success (Table
4). However, it was found that this apparent relationship arose from measurements in just one stand
with abnormally abundant and large advance black birch regeneration (average H DomBirch=3.4ft/subplot). Without this stand, the direct relationship between pre-harvest H-DomBirch
and oak success was not significant (p-value>0.15).
Beginning in year 1, both AgHt-Birch and H-DomBirch had negative associations with oak success
that were not dependent on a single stand. Still, these relationships were only marginally significant. By
year 4, however, the significance and predictive power of these variables increased substantially (Table
4). At the stand level, there was a marginally significant relationship between decreased oak success
with increased BA-Birch (p-value 0.08). However, those stands having more pre-harvest BA-Birch also
had more residual trees following harvest, and BA-Birch was not significant when residual tree density
was also in the model.
There were significant relationships between %Oak-white overstory and oak success as well as
between the closely-related %Oak-white regeneration variable and success. Increases in % Oak-white
overstory were associated with increases in oak success probability. Similarly, increases in %Oak-white
regeneration also were associated with increased oak success. The predictive power of %Oak-white
regeneration was greater than that of %Oak-white overstory and was significant in every measurement
period (Table 4).
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Table 4. Predictive power (AUC), and the linear parameter estimate (β) of univariate models of oak seedling success. Significance-level of
parameter estimates: p-value of Wald Chi-square test adjusted as necessary (Equations 4.1 - 4.5). Time of measurement indicates the respective
time of measurement for variables that were time-variant.
Time of Measurement
Preharvest or Invariant
Year 1
Year 4
Year 7
Level of
Measure Predictor (unit)
β
AUC
β
AUC
β
AUC
β
AUC
ns
ns
ns
ns
ns
ns
ns
ns
AgHt-Maple (ft)
ns
ns
ns
ns
ns
ns
ns
ns
H-DomMaple (ft)
ns
ns
-0.16*
0.60
-0.03**
0.62
-0.02***
0.62
AgHt-Birch (ft)
-0.30*
0.55
-0.37*
0.60
-0.13***
0.62
-0.06***
0.62
H-DomBirch (ft)
Subplot AgHt-Other (ft)
ns
ns
ns
ns
-0.01*
0.57
-0.01**
0.57
ns
ns
-0.17**
0.56
-0.05*
0.57
-0.03**
0.57
H-DomOther (ft)
ns
ns
ns
ns
-0.04***
0.57
-0.03***
0.59
%C Fern
ns
ns
ns
ns
-1.39*
0.53
ns
ns
%C Fern >30%
ns
ns
ns
ns
ns
ns
ns
ns
%C Laurel
ns
ns
ns
ns
ns
ns
ns
ns
%C Laurel >30%

Main Plot

Stand

#Trees-Maple
#Sprouts-Maple
IMI

ns
-ns

ns
-ns

-ns
iv

%Oak-White
0.02***
0.65
0.02***
regeneration
%Oak-White
0.01***
0.60
-overstory
-0.02*
0.53
iv
SI
BA-Birch
-0.21**
0.62
iv
(ft2/acre)
P-value of slope < 0.01= ***, <0.05=**, <0.15=*, ≥0.15=ns
“—” Indicates variable not measured at the respective time
“iv” Indicates variable invariant with time

-ns
iv

-ns
iv

-ns
iv

-ns
iv

-ns
iv

0.62

0.02***

0.67

0.02***

0.65

--

--

--

--

--

iv

iv

iv

iv

iv

iv

iv

iv

iv

iv
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The % cover of fern present in years 4 and 7 gave some prediction of oak success as a single
predictor, but not when measured before harvest or in year 1 (Table 4). Where %C fern increased, oak
success decreased significantly. The indicator variable for 30% threshold of fern cover was significantly
associated with a decrease in oak success, but only in year 4. While this indicator variable had a large
negative estimate (Table 4), it was only marginally significant.
Site quality variables showed little ability to inform of oak regeneration on their own. The
relationship between IMI and oak success was not significant and that with site index was only
marginally significant (p-value 0.086). While oak seedling success was reduced by a small amount with
each unit increase in site index, the small predictive power of this model (Table 4) was not significantly
better than random guessing (Delong’s test p-value 0.13).
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Correlations Among Predictor Variables
Analysis revealed significant correlations among predictor variables that provided an important
context for understanding the best multivariate models. In the pre-harvest data AgHt-Oak was
significantly positively correlated with AgHt-Maple and AgHt-Other regeneration, and negatively with
increasing #Trees-Maple, AgHt-Birch, IMI, %C Fern, and %C Laurel (Table 5). The percentage of fern
cover prior to harvest was positively associated with pre-harvest black birch and red maple
regeneration, but negatively with other regeneration, including oak species (Table 5). When measured in
year 7, fern cover was negatively correlated with all tree regeneration variables (Table 6). While laurel
cover was negatively associated with all types of pre-harvest regeneration (Table 5), the relationships
between laurel cover and the height of dominant regeneration in year 7 were not as strong (Table 6).
Red maple seedlings constituted most of the non-oak regeneration in the pre-harvest data, but
by year 7, red maple, black birch, and a more diverse mixture of species shared more evenly in the
composition of the non-oak regeneration (Table 7). Although no single species in the ‘other’ category
was as prevalent as either black birch or red maple in year 7, blackgum (Nyssa sylvatica), sassafras
(Sassafras albidum), and Amelanchier spp. were the most common of this group (Table 7). Though black
birch was less frequently encountered than red maple in year 7, when present the dominant black birch
was 5 feet taller than the dominant red maple on average (Table 7).
The integrated moisture index (IMI) (Peters et al. 2013) was significantly negatively correlated
with AgHt-Oak, AgHt-Maple, and AgHt-Other in the pre-harvest data and positively correlated with HDomBirch, %C Fern, and %C Laurel in year 7 (Table 6) even though it was not a significant predictor of
oak seedling success on its own (Table 4).
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Table 5. Kendall rank correlations among pre-harvest variables. Insignificant (approximate p-value >0.05) correlations marked with “ns”.

Subplot Level n=2044

AgHt-Oak
AgHt-Maple

Stand
Level
n=23

Main Plot
Level n=518

AgHtOak
|

AgHtMaple
|

AgHtBirch
|

AgHtOther
|

%C
Fern
|

%C
Laurel
|

#Trees
Maple
|

0.14

|

|

|

|

|

|

IMI
|

% OakWhite
over.
|

%OakWhite
regen.
|

SI
|

|

|

|

|
|

AgHt-Birch

-0.08

0.06

|

|

|

|

|

|

|

|

AgHt-Other

0.14

0.16

ns

|

|

|

|

|

|

|

|

%C Fern

-0.16

0.04

0.12

-0.11

|

|

|

|

|

|

|

|

|

|
|

%C Laurel

-0.09

-0.11

-0.07

-0.07

-0.08

|

|

|

#Trees-Maple

-0.06

0.08

ns

ns

ns

0.13

|

|

|

|

IMI

-0.13

-0.15

ns

-0.08

ns

0.07

ns

|

|

|

|

%Oak-White overstory

ns

ns

ns

ns

ns

ns

ns

ns

|

|

|

%Oak-White regeneration

ns

ns

-0.26

ns

ns

ns

ns

ns

0.70

|

|
|
ns

SI

ns

0.33

ns

ns

ns

ns

ns

ns

0.38

ns

BA-Birch

ns

ns

0.41

ns

ns

ns

ns

ns

-0.36

-0.39

31

Table 6 Kendall rank correlations among year 7 variables. Insignificant (approximate p-value >0.05) correlations marked with “ns”.
Subplot Level n=2044

H-DomOak
H-DomMaple
H-DomBirch
H-DomOther
%C Fern
%C Laurel

H-Dom
Oak

H-Dom
Maple

H-Dom
Birch

H-Dom
Other

|

|

|

|

0.24
- 0.13
0.07
-0.19
-0.10

|
- 0.06
0.20
-0.15
ns

|
|
0.07
-0.06
-0.06

|
|
|
-0.014
ns

Main Plot Level
n=518

%C Fern

%C
Laurel

#Sprouts
-Maple

IMI

|

|

|

|

|
|
|
|
0.06

|
|
|
|
|

|
|
|
|
|

|
|
|

Stand Level n=23
%OakWhite
regen.
|
|
|
|

SI
|
|
|
|

|

|

|

|

|

|
|

#Sprouts-Maple

0.09

0.13

ns

0.15

ns

ns

|

|

|

IMI

-0.17

-0.09

0.19

ns

0.07

0.07

ns

|

|

|

ns

ns

ns

ns

ns

ns

ns

ns

|

|

ns

ns

|

%Oak-White regen.
SI

ns

ns

ns

ns

ns

ns

ns
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Table 7. Comparison of tree regeneration by species, including the % subplots where present,
and average height of largest (Avg. H-Dom (ft)) seedling within all study subplots from
preharvest through year 7.

Period of Measurement
Species group

Oak
Red maple
Black birch
Black gum
Sassafras
Shadbush
Other

Oak
Red maple
Black birch
Black gum
Sassafras
Shadbush
Other

Pre-Harvest

78
92
14
15
13
19
35

Year 1

Year 4

% Subplots where present
70
73
87
92
24
38
23
25
20
24
15
17
37
49

Year 7

73
90
39
24
20
16
47

Avg Height(ft) of Dominant (where present)
1.3
1.6
3.9
7.7
1.1
1.3
3.5
6.5
2.9
1.6
5.2
11.5
0.7
1.3
4.0
7.6
0.9
0.9
2.6
5.5
0.9
1.0
2.4
4.0
1.7
1.4
4.0
8.9
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Multivariate Models
As stands developed, the ability to predict oak regeneration success increased (Figure 8), as did
the number of variables having significant relationships with the probability of oak seedling success
(Table 8). In every instance, post-harvest models were improved most by adding single-tree height
variables (H-Dom…) instead of their aggregate equivalent (AgHt-…) to the base model. Diagnostics
revealed post-harvest models were a good fit to the data, with the exception that success was slightly
over-predicted for subplots where H-DomOak was above the 95% quantile.
The largest increase in predictive power came between the pre-harvest and year 4 models as
evidenced by increasing AUC (Figure 8). There was a substantial increase in predictive power between
the pre-harvest model and year 1 and again between the year 1 and year 4 models (Table 8) This
increase was significant between both pre-harvest to year 1 (p-value 0.0288) and year 1 to year 4
intervals (p-value <0.0001). The increase from the year 4 model to the year 7 model was smaller (Table
9, Figure 8), and of marginal significance (p-value = 0.067). The increase in predictive power between
the pre-harvest and year 1 model came at the upper-right corner of the ROC curve (Figure 8). This
corresponded to an increase in model discrimination for subplots as the threshold probability required
for classification as a success increased over very small values, indicating that the year 1 model was
better at discriminating among subplots that had an overall lower predicted probability of success. The
increase in predictive power between year 1 and year 4 was more evenly distributed over the
classification threshold (Figure 8).
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Table 8. Predictive power of best models for each time period (Maximum Multivariate AUC) and
increase in power obtained by addition of non-oak variables to the base model (Base AUC). The
contribution of each variable was measured by removing the respective variable from the full model and
subtracting the AUC of the reduced model from the AUC of full model.

Base AUC
Pre-harvest
Year 1 General
Year 1 Specific
Year 4 General
Year 4 Specific
Year 7 General
Year 7 Specific

%Oak-White
Regeneration

H-DomOther

H-DomMaple

H-DomNonOak

H-DomOak

AgHt-Oak
Model

H-DomBirch

Additional Variables

Base Model

Increase in AUC Adding Variable as Last

0.783
0.774
0.774
0.838
0.838
0.867
0.867

0.059
0.044

0.034

0.043

0.029

0.022

0.022

0.030

0.028

0.024

0.044
0.045

0.065
0.055
0.032
0.028
0.029
0.029

Maximum
Multivariate
AUC
0.783
0.854
0.862
0.898
0.902
0.919
0.921

The pre-harvest model predicted the probability of oak success from AgHt-Oak with the
negative exponential link (Table 10, Equation 5). This was the only model where the addition of other
subplot variables to the measurement oak regeneration potential failed to improve prediction. The preharvest model had the lowest predictive power of all models (Table 9, Figure 8). Unexplained variance
between stands was highest in the pre-harvest model, accounting for as much as 20% difference in
modeled success rates (Figure 14).
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Figure 8. ROC curves of the most predictive multivariate models developed to predict oak seedling
success from pre-harvest, year 1, year 4, or year 7 data compared to the power of the null model
representing random guessing (diagonal line). True Positive Rate = sensitivity, and False Positive Rate =
1-specificty of observations classified as successes or failure by the probability of success predicted by
each model as the classification threshold for success was increased over the range of possible values
from 0 to 1.

Equation 5. Best pre-harvest model predicting oak success

𝑃(𝑆𝑢𝑐𝑐𝑒𝑠𝑠) = 1 − 𝑒 −(𝑎+𝑏1∗𝐴𝑔𝐻𝑡𝑂𝑎𝑘)
Table 9. Pre-harvest model parameter estimates

Symbol
a
b1

Variable
Intercept
AgHt-Oak

Units
-ft/milacre

Imperial
Coefficient
0.05
0.0137

S.E.
0.00215

Units
-m/m2

Metric
Coefficient
0.05
0.182

S.E.
0.02856

The average subplot had 5.5ft/milacre AgHt-Oak before harvest, and in the average stand this
was predicted to have a probability of success of 11%. A subplot in the same stand with aggregate
height of 10ft/milacre was predicted to have an 17% probability of success (Figure 9). Stand differences
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accounted for as much as 20% in modeled success rates, and no variable examined could reduce that
unexplained variation by more than a negligible amount.

Best Stand

Average Stand

Worst Stand

P(Success)

0.6
0.5
0.4
0.3
0.2
0.1
0
0

5

10
15
20
Aggregate Height of Oak (feet/milacre)

25

30

Figure 9. Probability of a subplot to contain a successful oak seedling at age 15-20 as a function of preharvest aggregate height of oak seedlings in the average stand (solid line) and un-explained differences
in success rates between the stand with the highest success probability (“Best Stand”) and lowest
success probability (“Worst Stand”).

Competing tree regeneration at the subplot level became predictive in year 1. In the general
competition model of year 1, where the effect of non-oak regeneration was represented by the height
of the single dominant non-oak tree, the probability of success for any subplot decreased as HDomNonOak increased (Equation 6, Table 10, Figure 10 A). Breaking the non-oak regeneration into
species groups (specific competition model) slightly improved model predictive power (Delong’s test pvalue = 0.007) (Table 9). The presence of a black birch in the subplot in year 1 reduced oak success more
compared to other species of the same size (Table 11, Figure 10 B). A square root transformation was
applied to the H-DomOak and H-DomBirch variables to obtain a reasonable model fit. In both general
and specific versions of the year 1 model, %Oak-White regeneration explained a significant amount of
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the variation in oak success probabilities between stands. In the best (specific) year 1 model (Equation
7), %Oak-White regeneration explained 26.6% of the variation not accounted for by sub-plot variables
already in the model after adjusting for the density of residual trees (Partial R2 = 26.6%, p-value=0.0084)
(Figure 14). Adding this variable significantly (p-value <0.001) increased the prediction power of both
specific (0.807 to 0.862) and general (0.789 to 0.854) year 1 models (Table 8).
Equation 6. Year 1 General Competition Model
𝑃(𝑆𝑢𝑐𝑐𝑒𝑠𝑠) =

𝑒𝜂
(1+𝑒 𝜂 )

𝜂 = (𝑎 + 𝑏1 ∗ √𝐻𝐷𝑜𝑚𝑂𝑎𝑘 + 𝑏2 ∗ 𝐻𝐷𝑜𝑚𝑁𝑜𝑛𝑂𝑎𝑘 + 𝑏3 ∗ %𝑂𝑎𝑘𝑊ℎ𝑖𝑡𝑒)

Table 10. Year 1 general model parameter estimates
Year 1 General Model
Symbol
a
b1
b2
b3

Variable
Intercept
√H-DomOak
H-DomNonOak
%Oak-White

Parameter Estimates
Units
-√ft
ft
%

Imperial
Coefficient
-4.33961
1.628028
-0.24310
0.030306

S.E.
0.070473
0.011192
0.009875

Units
-√m
m
%

Metric
Coefficient
-4.33961
2.948861
-0.797583
0.030306

S.E.
0.332656
0.231211
0.009875

The average subplot with a dominant oak of 1.6 feet had a 40% probability of success in the
absence of non-oak regeneration (Figure 10 A and B). However, almost all subplots contained some
form of competing non-oak regeneration, and on average the H-DomNonOak was taller at 2.2 feet.
Therefore, the average subplot was predicted to have about a 10% probability of success according to
the year 1 general competition model (Table 11, Figure 10 A).
Equation 7. Year 1 Specific Competition Model
𝑃(𝑆𝑢𝑐𝑐𝑒𝑠𝑠) =

𝑒𝜂
(1+𝑒 𝜂 )

𝜂 = (𝑎 + 𝑏1 ∗ √𝐻𝐷𝑜𝑚𝑂𝑎𝑘 + 𝑏2 ∗ √𝐻𝐷𝑜𝑚𝐵𝑖𝑟𝑐ℎ + 𝑏3 ∗ 𝐻𝐷𝑜𝑚𝑀𝑎𝑝𝑙𝑒 +
𝑏4 ∗ 𝐻𝐷𝑜𝑚𝑂𝑡ℎ𝑒𝑟 + 𝑏5 ∗ %𝑂𝑎𝑘𝑊ℎ𝑖𝑡𝑒)
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Table 11. Year 1 specific model parameter estimates
Year 1 Specific Model
Symbol
a
b1
b2
b3
b4
b5

Variable
Intercept
√H-DomOak
√H-DomBirch
H-DomMaple
H-DomOther
%Oak-White

Parameter Estimates
Units
N/A
√ft
√ft
ft
ft
%

Imperial
Coefficient
-4.28371
1.735344
-1.231225
-0.159105
-0.291504
0.031860

S.E.
0.192877
0.379620
0.073401
0.091451
0.008615

Units
N/A
√m
√m
m
m
%

Metric
Coefficient
-4.28371
3.143243
-2.230129
-0.521998
-0.956377
0.031860

S.E.
0.349360
0.687606
0.240818
0.300036
0.008615

The most predictive year 4 models (Equations 8 and 9) were similar in construction to the year 1
model with a few modifications. Transformation of individual variables did not improve model fit in year
4 so the un-transformed variables were used (Tables 12 and 13). Otherwise, the same variables found in
the year 1 model combined to form the most predictive model in the year 4 model (specific model:
Equation 11). Between year 1 and year 4, the average H-DomOak (where present) increased to 3.9 feet
(Table 7) and that of H-DomNonOak increased to 6.3 feet. As in year 1, %Oak-White regeneration
explained a significant amount of the variation between stands (partial R2=36.4%, p-value = 0.0014) not
accounted for by other variables in the best (specific) model (Figure 14). Adding %Oak-White
regeneration increased the AUC of the general year 4 model significantly from 0.866 to 0.898 (p-value
<0.001) and that of the specific model from 0.874 to 0.902 (p-value <0.001) (Table 8).

39

A

B

Figure 10. Predicted probability that a subplot will contain a successful oak seedling at the stem
exclusion stage based on year 1 heights of dominant oak and dominant non-oak regeneration. The
probability of an oak seedling with no non-oak tree seedling in the subplot (solid line) is compared with:
A) the presence of any non-oak tree regeneration of increasing maximum size (H-DomNonOak) and B)
the presence of an average size non-oak of different species groups (H-DomMaple, etc).
Equation 8 Year 4 General Competition Model
𝑃(𝑆𝑢𝑐𝑐𝑒𝑠𝑠) =

𝑒𝜂
(1+𝑒 𝜂 )

𝜂 = (𝑎 + 𝑏1 ∗ 𝐻𝐷𝑜𝑚𝑂𝑎𝑘 + 𝑏2 ∗ 𝐻𝐷𝑜𝑚𝑁𝑜𝑛𝑂𝑎𝑘 + 𝑏3 ∗ %𝑂𝑎𝑘𝑊ℎ𝑖𝑡𝑒)
Table 12. Year 4 general model parameter estimates
Year 4 General Model
Symbol
a
b1
b2
b3

Variable
Intercept
H-DomOak
H-DomNonOak
%Oak-White

Parameter Estimates
Units
-ft
ft
%

Imperial
Coefficient
-4.182886
0.479678
-0.179347
0.033090

S.E.
0.039626
0.033235
0.008819

Units
-m
m
%

Metric
Coefficient
-4.33961
1.573745
-0.588408
0.033090

S.E.
0.130005
0.109038
0.008819
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Equation 9 Year 4 Specific Competition Model
𝜂 = (𝑎 + 𝑏1 ∗ 𝐻𝐷𝑜𝑚𝑂𝑎𝑘 + 𝑏2 ∗ 𝐻𝐷𝑜𝑚𝐵𝑖𝑟𝑐ℎ + 𝑏3 ∗ 𝐻𝐷𝑜𝑚𝑀𝑎𝑝𝑙𝑒 +
𝑏4 ∗ 𝐻𝐷𝑜𝑚𝑂𝑡ℎ𝑒𝑟 + 𝑏5 ∗ %𝑂𝑎𝑘𝑊ℎ𝑖𝑡𝑒)
Table 13. Year 4 specific model parameter estimates
Year 4 Specific Model
Symbol
a
b1
b2
b3
b4
b5

Variable
Intercept
H-DomOak
H-DomBirch
H-DomMaple
H-DomOther
%Oak-White

Parameter Estimates
Units
-ft
ft
ft
ft
%

Imperial
Coefficient
-4.186665
0.485882
-0.182325
-0.128211
-0.097602
0.033030

S.E.
0.039822
0.047347
0.035624
0.032641
0.008437

Units
-m
m
m
m
%

Metric
Coefficient
-4.186665
1.594102
-0.598181
-0.420630
-0.310374
0.033030

S.E.
0.130647
0.155339
0.116876
0.107090
0.008437

In year 4, 95% of all H-DomOak were less than 10ft tall, and for these subplots, the model
predictions fit well. According to the year 4 general model, the subplot with an average-sized oak (3.9ft)
and non-oak (6.3ft) had about a 5% chance of success (Figure 11 A).
The species of competing non-oak regeneration differed in the severity that they reduced the
probability of oak seedling success. A subplot with H-DomOak of 5ft was predicted to have about a 20%
success probability with no non-oak tree in the subplot (Figure 11). The presence of a 6.3ft black birch
reduced this prediction by half (Figure 11 B). A similar-sized red maple seedling or tree of any other nonoak species reduced the predicted success probability to about 12% (Figure 11 B).
Again, the same variables in the year 4 model also comprised the most predictive year 7 model
(Equations 10 and 11), their parameter estimates adjusted for changes in tree heights between year 4
and year 7 accordingly (Tables 14 and 15). Other than a decrease in the per-unit effect of height from
year 4 to 7 due to growth in height over this period, results were nearly identical to year 4.
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Figure 11. Predicted probability that a subplot will contain a successful oak seedling at the stem
exclusion stage based on year 4 heights of dominant oak and dominant non-oak regeneration. The
probability of an oak seedling with no non-oak tree seedling in the subplot (solid line) is compared with
A) the presence of any non-oak tree regeneration of increasing maximum size (H-DomNonOak) or B) the
presence of an average (6.3-foot) non-oak of different species groups (H-DomMaple, etc).
Equation 10 Year 7 General Competition Model
𝑃(𝑆𝑢𝑐𝑐𝑒𝑠𝑠) =

𝑒𝜂
(1+𝑒 𝜂 )

𝜂 = (𝑎 + 𝑏1 ∗ 𝐻𝐷𝑜𝑚𝑂𝑎𝑘 + 𝑏2 ∗ 𝐻𝐷𝑜𝑚𝑁𝑜𝑛𝑂𝑎𝑘 + 𝑏3 ∗ %𝑂𝑎𝑘𝑊ℎ𝑖𝑡𝑒)
Table 14. Year 7 general model parameter estimates
Year 4 General Model
Symbol
a
b1
b2
b3

Variable
Intercept
H-DomOak
H-DomNonOak
%Oak-White

Parameter Estimates
Units
-ft
ft
%

Imperial
Coefficient
-4.664486
0.309080
-0.103048
0.030423

S.E.
0.02428
0.018076
0.009667

Units
-m
m
%

Metric
Coefficient
-4.664486
1.014041
-0.338084
0.030423

S.E.
0.07966
0.059304
0.009667
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Equation 11 Year 7 Specific Competition Model
𝜂 = (𝑎 + 𝑏1 ∗ 𝐻𝐷𝑜𝑚𝑂𝑎𝑘 + 𝑏2 ∗ 𝐻𝐷𝑜𝑚𝐵𝑖𝑟𝑐ℎ + 𝑏3 ∗ 𝐻𝐷𝑜𝑚𝑀𝑎𝑝𝑙𝑒 +
𝑏4 ∗ 𝐻𝐷𝑜𝑚𝑂𝑡ℎ𝑒𝑟 + 𝑏5 ∗ %𝑂𝑎𝑘𝑊ℎ𝑖𝑡𝑒)
Table 15. Year 7 specific model parameter estimates
Year 4 Specific Model
Symbol
a
b1
b2
b3
b4
b5

Variable
Intercept
H-DomOak
H-DomBirch
H-DomMaple
H-DomOther
%Oak-White

Parameter Estimates
Units
-ft
ft
ft
ft
%

Imperial
Coefficient
-4.75186
0.305772
-0.069311
-0.070878
-0.035775
0.031837

S.E.
0.024176
0.021980
0.019726
0.017452
0.009685

Units
-m
m
m
m
%

Metric
Coefficient
-4.75186
1.0003188
-0.227399
-0.232541
-0.117371
0.031837

S.E.
0.079317
0.072113
0.064715
0.057256
0.009685

The %Oak-White regeneration explained a significant amount of the variation in success
between stands in the best (specific) year 7 model (partial R2=28.1%, p-value=0.0078) (Figure 14) and
increased the specific model AUC from 0.892 to 0.921 (p-value <0.0001) and that of the general model
from 0.890 to 0.919 (p-value <0.0001) (Table 8).
As in year 4, the subplots in year 7 with the tallest dominant oaks also had the tallest non-oak
regeneration. A subplot with the average dominant oak (7.7ft) and non-oak (10.5ft), stood again about a
5% chance of success. The mean H-DomNonOak was increased to 13.1ft in subplots where H-DomOak
>15ft. H-DomOak was less than 17ft in 95% of the subplots, and the model appeared to fit this data well
(Figure12 A and B). However, also as in year 4, diagnostics revealed the regression still slightly overpredicted the probability of success for subplots with very large H-DomOak (> 17ft) after accounting for
all variables in the model.
Although the effect of black birch and red maple was essentially the same per unit of height in
year 7 (Table 15), this belied an important difference in competitive pressure exerted by these two
species. For, while the per-unit height effect estimates were similar, black birch averaged 11ft tall where
present, compared to the 6.5ft tall red maple in year 7 (Table 7). Therefore, although less frequently
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encountered than red maple, where it was present black birch decreased the probability of oak success
more than red maple.

A

B

Figure 12. Predicted probability of a subplot to contain a successful oak seedling based on year 7 heights
of dominant oak and non-oak regeneration. The probability of an oak seedling with no competition in
the subplot (solid line) is compared with A) the presence of any non-oak tree regeneration of increasing
size or B) the presence of an average (10.5ft) non-oak regeneration of differing species groups.

These subplot success probability models can be applied to the stand level. The relationship
between the percentage of successful subplots in a stand is closely related to the basal area of oak
seedlings at stem exclusion (Figure 13 A) and to the percentage of total regeneration basal area in oak
seedlings (Figure 13 B). The basal area of oak seedling regeneration increased by about 1ft2/acre
(0.23m2/ha) for every 1% increase in the percentage of successful subplots (Equation 12) and the
percentage of total regeneration basal area in oak seedlings increased by 1.6% for every 1% increase in
the percentage of successful subplots (Equation 13) (R2=82.7%). In 13 of 23 study stands, a difference in
timing between crown class measurements and the complete assessment of regeneration may have
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increased the un-explained variance of this relationship because basal area calculations were up to 4
years earlier than crown class measurements in these stands.
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Figure 13. Relationship between the proportion of subplots with successful oak seedlings at stem
exclusion stage (stand age 15-20 years) and A) oak seedling basal area and B) oak seedling basal area as
a percentage of total regeneration basal area.
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Equation 12. Basal area (ft2/acre) of oak seedling origin as a function of percent subplot successful
subplots observed in stands at the stem exclusion stage.
𝐵𝑎𝑠𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑂𝑎𝑘 𝑆𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 = 1.021 ∗ % 𝑆𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙 𝑆𝑢𝑏𝑝𝑙𝑜𝑡𝑠
standard error of slope = 0.0849
R2=86.1%
If basal area in m2/ha, slope = 0.2344

Equation 13. Percentage of total regeneration basal area of oak seedling origin as a function of percent
subplot successful subplots observed in stands at the stem exclusion stage
% 𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐵𝑎𝑠𝑎𝑙 𝐴𝑟𝑒𝑎 𝑖𝑛 𝑂𝑎𝑘 𝑆𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 = 5.3 + 1.625 ∗ % 𝑆𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙 𝑆𝑢𝑏𝑝𝑙𝑜𝑡𝑠
standard error of slope = 0.1575
R2=82.7%

The percentage regeneration basal area in oak seedlings can be predicted by first using the
model appropriate for the assessment period to predict the probability of success of each subplot
sample. Next, predicted subplot probabilities would be averaged to the stand level and this averaged
probability related to predicted percentage of regeneration basal area in oak seedlings.
Another way to interpret these subplot success probabilities is to consider each success as
contributing one successful oak per unit area to the stand’s stock of oak regeneration. Multiplying the
proportion of successful milacre subplots by 1000 provides an estimate for the number of competitive
oak seedlings per acre. For example, a stand with an average subplot success probability of 0.25 would
be expected to have a successful oak seedling at the stem exclusion stage in 25 of 100 subplots. This
translates to 250 successful oak seedlings per acre.
After developing the most predictive model from subplot and plot-level variables, stand
intercepts were extracted and un-explained differences in oak seedling success among stands were
regressed as a function of stand-level variables. The %Oak-White overstory or %Oak-White regeneration
explained a significant amount of the stand-level differences in success after accounting for subplot
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variables at each measurement period. However, while the largest un-explained differences between
stands were observed in the pre-harvest model, the significance of %Oak-White regeneration and
overstory in this model depended on measurements from 2 influential stands (Figure 15) without which
the relationship was not significant. In year 1, a clear trend emerged that continued into year 7 where
%Oak-White of either oak regeneration or the pre-harvest oak overstory predicted a significant portion
of the variance between stands not explained by variables already in the model (Partial R squared
ranged from 26% to 40%) (Figure 15). In terms of predictive power, %Oak-White regeneration improved
model prediction significantly more than %Oak-White overstory in all post-harvest models. %Oak-White
regeneration was negatively correlated with pre-harvest AgHt-Birch (Table 6), and positively correlated
with the pre-harvest percentage of subplots that contained any advance oak regeneration (tau = 0.36,
pseudo p-value = 0.02). However, there was no other stand-level variable as useful in describing
differences in success rates among stands as %Oak-White regeneration. The amount of %Oak-White
regeneration in stands did not change much with time. Mean %Oak-White regeneration ranged from a
pre-harvest mean of 13.8% to 14.5% at year 7. The distribution of this variable was right-skewed;
median %Oak-White regeneration ranged from 0.6% before harvest to 0.8% in year 7.
Although %Oak-White explained a significant portion of the difference between stands in the
post-harvest models, the success of individual subplots was not any greater where the dominant oak
species was white oak. The average H-DomOak was not any greater where the dominant oak was a
white oak compared to other oak species. Nor was H-DomNonOak significantly different compared to
subplots where the dominant oak was another oak species (Table 17).
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Stand Deviation from Study-wide Mean in % Oak Seedling Success
Figure 14 Difference in % oak seedling success between stands explained by the % of oak seedlings that
were white oak (Quercus alba) (%Oak-White Regeneration) or the % of the pre-harvest oak overstory
trees that were white oak (%Oak-White PH. Overstory). Relationship between %Oak-White variables
and stand variance was not significant in pre-harvest data without two influential stands (circled). %OakWhite Overstory was measured once during the pre-harvest assessment. %Oak-White Regeneration was
measured from the regeneration at each measurement period.
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Large standard errors in the average H-DomOak and H-DomNonOak variables made differences
between subplots containing different dominant oak species insignificant. Predicted success
probabilities did not differ markedly from observed rates of success for subplots where white oak was
the dominant. Although scarlet oak was the least common oak species, subplots having scarlet oak as
the dominant oak appeared more likely to contain a success than predicted (Table 16). To test the
significance of species differences, the species of the dominant oak was added as a categorical predictor
to the post-harvest models. In subplots where scarlet oak was the dominant oak predicted success was
significantly higher, however, these subplots accounted for at most 56/2044 (2.7%) of subplots in the
study (Table 16). No other oak species had significantly different predictions from the mean where it
was the dominant.

Table 16. Predicted vs observed probabilities of success and average dominant tree heights for subplots
sorted by the dominant oak species in the subplot at the time of measurement.

Period

Year 1

Year 4

Year 7

Dominant Oak
Species
White
Scarlet
Chestnut
Northern red
Black
White
Scarlet
Chestnut
Northern red
Black
White
Scarlet
Chestnut
Northern red
Black

Predicted
Success
19%
26%
15%
12%
17%
17%
32%
16%
10%
15%
16%
30%
16%
9%
16%

Observed
Success
17%
40%
16%
8%
22%
17%
49%
14%
10%
17%
16%
41%
14%
10%
22%

Avg. HAvg. HDomOak DomNonOak
1.9
2.2
2.8
1.0
2.2
2.3
1.6
1.9
2.0
2.3
3.7
5.9
5.5
5.1
5.1
6.6
3.4
6.1
4.4
5.7
6.9
10.1
8.9
7.5
8.5
10.7
5.5
10.4
8.2
9.5

n
215
30
656
301
112
236
55
700
350
116
241
56
677
331
130
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Predicting the Emergence of Back Birch Regeneration
Prior to disturbance, black birch was present in only 14% of subplots, but by year 7 it was
present in 39% of subplots, had the tallest average height of any regeneration, (Table 7) and was
significantly associated with a decrease in oak seedling success in post-harvest models (Tables 11, 13,
and 15). The proportion of subplots in a stand that contained at least one black birch in year 4 was
modeled as a function of pre-harvest stand-level BA-birch(ft2) and the pre-harvest proportion of
subplots that contained any black birch (P(Birch)) (ratio from 0 to 1) using a non-linear least squares
approach. The negative exponential link function provided superior fit to the logistic link function for
this relationship (Equation 14). The proportion of subplots that contained black birch in year 4 was
positively correlated with the stand’s pre-harvest proportion P(Birch) (Table 17). There was also some
evidence for a positive correlation between BA-Birch and birch seedling emergence in year 4 (Figure 15
B), but this was not as significant (Table 17). There was high variability among stands that were
predicted to have a low proportion of subplots with black birch in year 4, because black birch emerged
in a large proportion of the subplots in some stands where it had very little to no presence in the preharvest data (Figure 15 A).
Equation 14. Prediction of proportion of subplots containing a black birch 4 years after harvest
𝑃(𝑏𝑙𝑎𝑐𝑘 𝑏𝑖𝑟𝑐ℎ 𝑝𝑟𝑒𝑠𝑒𝑛𝑡) = 1 − 𝑒 −(𝐵𝐴𝑏𝑖𝑟𝑐ℎ +𝑃(𝐵𝑖𝑟𝑐ℎ))
Table 17. Parameter estimates, standard errors, and significance of variables in prediction of the
proportion of subplots that contained a black birch 4 years after harvest.
Parameter

Estimate +- (stand.

P-value

β1 (BA-Birch)

0.112+-(0.085)
error)
3.930+-(1.252)

0.204

β2 (P(Birch))

0.005
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Year 4 proportion of subplots with black
birch
Year 4 proportion of subplots with black
birch

1

A
0.8
0.6
0.4
0.2
0
0

0.2
0.4
0.6
0.8
Pre-harvest proportion of subplots with black birch

1

1

B

0.8

0.6
0.4
0.2
0
0

5
10
15
Pre-harvest basal area (ft2/acre) black birch

20

Figure 15. Proportion of subplots in a stand containing any black birch in year 4 as a function of the preharvest proportion of subplots with black birch (A) and the pre-harvest basal area of black birch in the
overstory (B).
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Discussion
The aggregate height of oak seedlings measured before harvest was highly predictive of oak
seedling success (Equation 5, Tables 8 and 9). This corroborates evidence from previous studies that the
presence of advance oak regeneration is key to oak seedling success (Sander and Clark 1984, Loftis 1990,
Gould et al. 2006). In this study, the aggregate of all oak seedlings rather than simply the height of the
single largest oak seedling that provided the most accurate prediction from pre-harvest data (Figure 4).
This demonstrated that the number of oak seedlings in addition to individual seedling size was
important. Small oak seedlings increased meaningfully the probability of successful oak regeneration if
enough of them were present, however seedlings less than 0.5ft could be disregarded with a slight gain
in predictive power. Presumably this is because seedlings shorter than this threshold, which would
include most first-year germinants, have a probability of success that is proportionately lower than their
size would indicate.
Height is a one-dimensional measure of 3-dimensional tree size, and the ability of a tree to
capture light is dependent on the area of the crown in contact with light. This suggests that the height of
individual oak seedlings increased to some power should provide a more accurate representation of
their potential for success by better representing the tree’s competitive position and hence growth
potential. However, in this study, exponentiating seedling heights did not significantly improve
predictive power. This means that three 1-foot seedlings provided the same potential for success as one
3-foot seedling, and there was insufficient evidence to suggest otherwise. It is possible that the true
biological expression of aggregated seedling heights is exponentiated, but the data were too imprecise
to detect this. Yet, it is also possible that seedling heights as directly measured are the most realistic
expression of competitive position for seedlings in the size ranges encountered up to age 7 years.
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There are important similarities and differences between the pre-harvest model developed in
this study and that of Gould et al. (2006). The choice of a negative exponential link function over the
logistic link function in relating AgHt-Oak to the probability of oak seedlings success resulted in a model
that was very similar to a previous model (Gould et al. 2006). This relationship suggests diminishing
marginal increase in success with each unit increase in AgHt-Oak. Increasing the amount of oak is very
important when advance oak regeneration levels are low, but each additional unit increases the
probability of success less.
The average size of successful oak seedlings in this study (DBH = 3.8in) was very similar to those
seen in the 3rd decade stands in Gould et al. (2006) (3.7in). Trees of this size require a minimum of about
1 milacre of growing space (Gingrich 1967). Assuming stands were at 100% stocking such that all
growing space was occupied by regeneration and each tree occupied its minimum space, a milacre of
growing space was expected to be occupied by a single tree. Therefore, if 10/100 milacres sampled
contained a successful oak seedling, it might be expected that 10% of all the growing space was
occupied by successful oak seedlings, such that every percentage increase of successful subplots was
approximately the equivalent of a percentage increase in the percent stocking of oak seedlings.
Therefore, an average predicted subplot probability for a stand should equate to the percentage of
stocking in oak seedlings. However, predictions of future stocking as a function of pre-harvest AgHt-Oak
were considerably lower in this study compared with Gould et al. (2006). For example, the average preharvest AgHt-Oak in this study was 5.5ft/milacre. A subplot with this much advance regeneration had an
11% probability of success, so oak seedling stocking would be predicted to be 11% in a stand with this
amount of advance regeneration on average. Gould et al. (2006) predicted a 41% future stocking of
seedling-origin oak with 5.5ft/milacre AgHt-Oak advance regeneration.
There are several reasons why the new pre-harvest model predicts much lower % oak seedling
stocking from advanced regeneration than the previous model (Gould et al. 2006). One likely reason for
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the difference is that the stands of Gould et al. were true clearcuts, while the stands in this study
averaged 34 residual trees per, with an average diameter of 11.7inches. Assuming residuals occupied
the minimum tree space, they occupied an average of 20.9% of the available growing space (Gingrich
1967) in the stands of this study. The density of residual trees explained about 11% of the overall
differences in success rates among stands in this study. By definition, growing space occupied by
residuals could not be occupied by successful oak seedlings. Considering that an average of 1/5th of the
growing space in this study was occupied by residuals, a prediction of 11% oak seedling stocking meant
about 13.7% (11%/80%) of all the space occupied by regeneration was predicted to be stocked with oak
seedlings. Another reason for the disparity between the models may be that regeneration stocking was
lower than the assumed 100%. If total regeneration stocking were less than 100%, a lower % stocking of
oak seedlings could be the result of reduced total regeneration stocking, rather than a reduction in the
proportion of oak seedlings in the regeneration per se.
While AgHt-Oak was a meaningful measure of oak seedling potential before harvest, simpler
measures of oak seedling size become just as effective after harvest (Figures 4 through 7). It was found
that beginning in year 1 the height of the single dominant oak seedling in the subplot was just as useful
a predictor of oak success as aggregate height, and this trend continued in year 4 and year 7 (Figures 5
through 7). There is some uncertainty about which oaks will survive the harvesting disturbance, such
that the pre-harvest dominant seedling could be replaced by a smaller but more vigorous seedling. This
may explain why AgHt-Oak was a superior pre-harvest predictor to H dominant oak because it accounts
for numbers of oak, in addition to their size. As time progressed and growing space became dominated
by fewer and fewer stems, measuring the size of the single largest oak seedling in a plot sufficed for
prediction.
This study quantified how competition from other tree regeneration, particularly red maple and
black birch, can be an important impediment to oak regeneration. The height of competing tree
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regeneration was second in predictive power next to measurement of the oak regeneration itself in
univariate models of oak seedling success (Table 4) and significantly improved predictive power of the
best multivariate model in each measurement period after harvest (Table 8). An increase in the
presence of red maple and black birch tends to follow harvests in stands that fail to regenerate to oak in
the study area (Gould et al. 2005, Steiner et al. 2018), and this study provides additional insight into how
these species come to dominance. Red maple was the most ubiquitous species in this study, present in
almost all subplots from pre-harvest through age 7 (Table 7). Red maple has been increasing in
abundance in the understory of mature oak forest throughout the eastern United States over the past
several decades (Fei and Steiner 2007, Luppold and Bumgardner 2018). A shade tolerant species with
ecotypes adapted to a wide variety of growing conditions (Hutnik and Yawney 1961, Bauerle et al. 2003)
red maple builds in the understory and captures growing space following disturbance from prolific
stump sprouts and its numerous seedlings (Fei and Steiner 2009). The effect of red maple seedlings on
oak seedling success in this study was not a function of their mere presence, but rather a function of the
height of the dominant red maple seedling compared to that of the dominant oak in post-harvest
models (Tables 11, 13, and 15).
While measurement of red maple seedlings increased model predictive power, variables
representing red maple stump sprouts did not significantly improve predictive power. As red maple
stump sprouts necessarily originated from pre-harvest red maple, and as advanced oak regeneration
was negatively correlated with increased red maple overstory density (Table 5), the direct effect of red
maple stump sprouts as a source of post-harvest competition may have been indiscernible from the
effect of red maple’s pre-harvest suppression of oak seedlings. A plot of the two variables suggests
#Trees-Maple acted as a limiting variable in the total amount of AgHt-Oak that could possibly
accumulate (Figure 16). Previous analysis of these same stands found that red maple stump sprouts
recaptured about 15% of all growing space by age 7 and each sprout averaged 10ft in diameter by year 4
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(Fei and Steiner 2009). Due to their large size, it was necessary to estimate the influence of red maple
stump sprouts using main plot data. The result was less precise information on red maple stump sprouts
compared to other variables, and this may have further decreased the importance of red maple stump

Pre-harvest AgHt-Oak

sprouts to the models.

Pre-harvest # Red Maple /Acre

Figure 16. Relationship between advance oak regeneration (AgHt-Oak) and density of red maple (Acer
rubrum) in the pre-harvest overstory

While less abundant than red maple before disturbance, by year 7 black birch was found in
almost 40% of all subplots, and where it was present H-DomBirch had an average height of 11.5ft
compared to 6.5ft for red maple (Table 7). Also, black birch was associated with a decrease in oak
success probability greater than or equal to a similar-sized red maple in all post-harvest models (Tables
11, 13, and 15). These findings imply that although less frequently encountered than red maple, black
birch had a stronger negative influence on oak seedling success than red maple when black birch was
present.
56

At the stand level, pre-harvest distribution of black birch seedlings helped explain some of the
subsequent increase in black birch, but there were many stands where this species’ increase in
abundance was not well predicted from the data (Figure 15 A and B). In these instances, black birch
presumably arrived as seed blown in from trees nearby but not in the stand. The winged nutlets of black
birch are easily dispersed long distances by wind (Lamson 1990).
Other studies have also observed a similar pattern of post-harvest increases of black birch
relative to pre-harvest amounts seen in this study. Increased black birch after harvest has also been
reported in studies of mixed hardwood stands in other parts of the Central Hardwoods region (McGee
and Hooper 1970, Beck and Hooper 1986, Johnson et al. 1998). However, it is uncertain how much of
the growing space black birch can maintain as the stem exclusion stage progresses. In a study of
regeneration in clearcuts made of mature oak stands in the Ridge and Valley province of central
Pennsylvania (same general location as this study), black birch comprised 18.1% of all dominant and
codominant stems at age 30, but by age 40, this was reduced to 10.1% with a concurrent increase in the
percentage in oak species (Steiner et al. 2018). Differences in the shade tolerance and growth rates
among oak species can play a role in determining the severity of black birch competition. A separate
study of regenerating oak forests revealed that chestnut oaks in the Ridge and Valley province of
Pennsylvania that were codominant or dominant between the ages of 26 and 36 were never more than
1 meter shorter than their competitors, and over 50% were taller than their competitors by age 15. Yet,
similarly successful northern red oak in the Appalachian Plateau were up to 2 meters behind their
adjacent competitors over the same period, and only 20% were taller at age 15 (Zenner et al. 2012).
By quantifying the change in oak seedling success relative to the size of post-harvest
competition and documenting the subsequent increase in predictive power over pre-harvest
predictions, this study demonstrated certain post-harvest measurements that improved prediction of
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successful oak regeneration not captured by pre-harvest inventories. Pre-harvest measurements of
competing tree species did not significantly improve model predictions, but a significant increase in
predictive power came about in year 1 with the addition of variables measuring competition from other
tree species (Table 8, Figure 8). The increase in predictive power between the year 1 and year 4 models
followed by a much smaller increase from year 4 to year 7 (Table 8, Figure 8) indicates competition
associated with reduced oak seedling success manifests within a few years following harvest. These
results agree with the findings of a recent study of regenerating mixed oak forest stands in Indiana
where the height of regeneration at age 6 was the strongest predictor of height at age 12, and the
shortest pre-harvest non-oak seedlings were significantly taller than the tallest pre-harvest oak seedlings
by age 6 (Swaim et al. 2016). The best time to revisit a stand to assess competition may be as early as 4
years after disturbance.
It was not clear why stands with an increased percentage of white oak in the oak component
tended to have higher oak seedling success after accounting for the post-harvest heights of oak and
non-oak regeneration in subplots. Initially this variable was included in analysis because white oak
abundance seemed to be coupled with narrative descriptions of “good oak regeneration” made by
regeneration assessment crews. Overall, white oak was not overly abundant in the regeneration, with
most stands having %Oak-White <13% throughout the first seven years of regeneration (Figure 14).
Increased amounts of %Oak-White were correlated with greater distribution of oak regeneration
throughout the stand: a stand-level attribute that previous studies have associated with successful oak
regeneration (Gould et al. 2006, Brose et al. 2008). A previous analysis of 52 mature oak forest stands
(23 of which were utilized in this study) found white oak regeneration was increased on lower slope
positions, Buchanan soil series, and south-facing aspects with large exposure angles (Fei 2004 Ch5). On
one hand, increased solar radiation at these locations would make them more xeric, and thus favor oak
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species over less drought-adapted species (Abrams 1990, Iverson et al. 1997), but white oak’s affinity for
lower slope positions and deeper soils seems counter-intuitive to this argument.

Correlations among candidate predictor variables considered for entry into the models led to
the exclusion of some from the most predictive models, even though other studies have established
strong evidence for a relationship between some of these variables and oak regeneration. The
percentage cover of fern present in years 4 and 7 gave a significant prediction of oak success by itself
(Table 4). Studies have shown that rhizomatous ferns can form a dense herbaceous layer that prevents
regeneration of tree species from becoming established (McWilliams et al. 1995, Fei et al. 2010).
However, %C Fern was significantly correlated with other predictors that provided more information,
especially the height of dominant oak and non-oak regeneration after harvest (Table 6). Previous
research indicates that non-tree vegetation exerts a threshold or limiting effect on oak regeneration
growth (Campbell et al. 2015).

IMI showed was negatively correlated with advanced oak regeneration (Table 5), but it was not
useful when predicting oak success given that measurement of the oak regeneration itself was already
in the model. Similarly, site index did not increase our ability to predict oak seedling success over the
base models. The limited range of site indices represented in the study may have reduced its strength as
a predictor. Stands ranged from 48 to 75 ft at age 50 in site index, which is 68% the range of site indices
reported for upland oak species in northern Wisconsin and upper Michigan (Schnur 1937), but only 33%
the range of site indices reported for upland oak species in the southeast (Olson 1959). The lack of
significance of site index in this study may also be a result of the small sample size of 23 stands, and the
fact that at most 4 trees per stand were used to estimate site index. Increased site index and IMI have
been associated with significant decreases in oak regeneration in favor of other species in other studies
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(Sander and Clark 1972, Iverson et al. 1997), but they have been less helpful in other studies where
direct measurement of vegetation is available (Swaim et al. 2016) as was the case in this study.

Many variables had significant relationships with oak success but did not appear in the most
predictive models. These variables often were significantly correlated with other variables that were
more strongly associated with oak success. Another limitation of this study is that the models tended to
over-predict success in the subplots with the tallest 5% of all dominant oaks, even after variable
transformation and outlier analysis. This trend seemed to be associated with increased height of the
dominant non-oak regeneration in the subplot, but accounting for this variable did not fully explain the
reason for this problem. One cause may be that in those places were oak regeneration quickly became
rather large, subplots were no longer large enough to capture the effect of trees competing with oak
regeneration. Despite these limitations, the models predict success well for 95% of the data, at tree
heights most commonly encountered in the brushy stages of stand development (Oliver and Larson
1990). Other studies measuring regeneration over a time span similar this study should consider
expanding the plot size in which regeneration is measured as time progresses.
In conclusion, this study generally corroborated Gould et al.’s (2006) model used to predict oak
success from pre-harvest inventories, but with adjustments to model parameters due especially to a
management shift toward retaining more residual trees. It also provided useful models that can be
implemented in post-harvest assessments where competition from non-oak tree regeneration will be an
issue. While it was found that %Oak-White had a positive relationship with oak success, it is still not
known why, and this could be a topic of future research. Subplots where white oak was the dominant
oak species in year 7 fared no better than predicted by the model (Table 16). This indicated that the
increased success of oak seedlings was not due to the presence of white oak itself. Rather, site
conditions that are associated with the presence of white oak may be optimal for the regeneration of
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oak seedlings as a genus. While black birch posed a serious post-harvest impediment to oak success it
was not easy to predict where this species would be a problem, although an increased pre-harvest
distribution of black birch seedlings within a stand may indicate conditions that warrant a return visit to
assess oak regeneration after harvest. It is expected that oak regeneration will continue to be a
challenge throughout the Central Hardwoods region (Luppold and Bumgardner 2018). However, these
findings provide new information for evaluating oak regeneration both before and after harvest of
mature oak forests, that can improve forest management.
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