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A B S T R A C T

We analyzed national forest inventory data collected from circa 2000–2018 across 37 states in the eastern United
States to better understand the influence of forest health related canopy disturbances on the regeneration and
recruitment dynamics of upland oaks (Quercus). We found low levels of oak recruitment across all disturbance
types examined but limited evidence of any direct effects from the type of disturbance on the population of
regenerating oaks. The general lack of differences in oak regeneration response between forest health distur-
bances and disturbances caused by harvested or non-disturbed plots does not indicate that the effects of forest
health disturbances were benign, however. Instead, low level of oak recruitment across all disturbance types
highlights the pervasiveness of the trend of shifting composition in once oak-dominated forests where oak is
absent or sparse in the regeneration layer. Our results show that oak recruitment was higher when oak was
present as advance reproduction prior to disturbance from any cause examined. Collectively, these results lead us
to conclude that the widespread inadequacy of oak advance reproduction in mature oak-dominated forests is the
prevailing threat to oak forest health and sustainability. We suggest the status of advance reproduction be treated
as a co-morbidity when weighing the risk and potential outcomes from other threats to upland oak forests in the
eastern United States.
1. Introduction

Oaks (Quercus) are an important genus in the eastern United States
(US), comprising 11% of all living trees, 16% of all standing dead trees,
and occurring on over 76 million hectares (Miles, 2017). In much of the
eastern US, oaks are a foundation species with outsized importance for
carbon sequestration and storage (Cavender-Bares, 2016; 2019), wildlife
forage and habitat (McShea et al., 2007), and economic value (e.g.,
Stringer et al., 2021). On upland sites in these forests, prominent oaks
include Quercus alba, Q. rubra, Q. montana, Q. velutina, Q. stellata,
Q. coccinea,Q. macrocarpa,Q. falcata,Q. muehlenbergii,Q. ellipsoidalis, and
Q. marilandica.

On upland oak sites in the eastern US, soils tend to be categorized into
Alfisol, Inceptisol, or Ultisol soil orders (https://casoilresource.lawr
.ucdavis.edu/soil-properties/) and oaks tend to be less nutrient
demanding than common competitors such as Acer rubrum and Lir-
iodendron tulipifera (Kolb et al., 1990; Wurzburger et al., 2023). Most of
the upland oaks are classified as intermediate in shade tolerance, though
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Q. coccinea, Q. muehlenbergii, and Q. stellata are considered intolerant to
shade (Burns and Honkala, 1990). Generally considered tolerant of pe-
riodic drought stresses and lower nutrient availability, upland oaks
project to be well-adapted to future climate scenarios in many places
across their current range (Peters et al., 2020 but see Novick et al., 2022).

Much of the forest in the eastern US where upland oaks are prevalent
is maturing, with at least 70% of the forestland approaching stages when
regeneration considerations arise (Shifley et al., 2014; Miles, 2017).
Recent studies have documented that mortality associated with distur-
bances from forest pest invasions caused considerable loss of mature trees
and reduced stand occupancy in the US (Fei et al., 2019). The most recent
published information on forest health trends estimated that over 700,
000 ha (i.e., 0.5%) in the eastern US are impacted by mortality inducing
forest health disturbances annually and over 1.2 million ha (i.e., 0.8%)
are impacted annually by defoliating disturbances (Potter and Conkling,
2021). The risk of loss to these threats is anticipated to increase with
global climate change and the introduction and translocation of
non-native insects and disease (Conrad et al., 2020).
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Despite their ubiquity in the canopy of many eastern US forests, up-
land oaks can be sporadic in the understory, indicating problems in
regeneration and sustaining future oak stocking. Maintaining oaks when
regenerating upland forests is often difficult, requiring thoughtful plan-
ning and potentially decades of active forest management (Loftis and
McGee, 1993; Dey, 2014; Johnson et al., 2019). Such concerns have been
reported in many oak ecosystems across the world (e.g., G€otmark and
Kiffer, 2014; Heydari et al., 2017; Bobiec et al., 2018). Untimely canopy
mortality may exacerbate regeneration difficulties (Gottschalk, 1993;
Appel, 1995; Heitzman et al., 2007) by further favoring established,
competitive species instead of oaks. However, little information exists on
the impact of declining upland oak forest canopies from pest and disease
on the regeneration and recruitment of oak seedlings and saplings, and
ultimately the sustainability of upland oak forests into the future. When
canopy disturbances alter mature stands with a sparse or absent under-
story, any disturbance may be untimely if regenerating a similar species
composition is the desired outcome (Egler, 1954). Likewise, if forest
health disturbances initiate the regeneration process in mature oak
stands that are not poised for successful regeneration, the consequences
could be more lasting than any immediate or direct effects of reduced
vigor in mature trees.

With an overarching goal to understand regeneration and succes-
sional dynamics induced from forest health related canopy reductions
and triage the regeneration risk of upland oak forests, this analysis
examined seedling and sapling dynamics related to declines in forest
health through time and at broad spatial scales. To ascertain whether
forest health issues in upland oak forests of the eastern US affect oak
regeneration and recruitment, we address three specific Research
Questions:

1) Do forest health disturbances affect upland oak regeneration abun-
dance (seedlings and saplings)?

2) Do forest health disturbances affect upland oak sapling recruitment
(sapling ingrowth)?

3) Does the magnitude of forest health-related canopy disturbance affect
upland oak sapling recruitment?

2. Materials and methods

2.1. Data source

This project relied on data collected as part of the USDA Forest Ser-
vice Forest Inventory and Analysis Program (FIA; https://www.fia.fs.
usda.gov/). FIA collects data on permanent sample plots at known lo-
cations that are systematically distributed across all forested lands
around the country such that each sample plot represents about 2,430 ha,
though certain areas such as national forests are sampled with higher
intensity. At each FIA plot location, attributes are collected on a cluster of
four circular subplots, each approximately 168 m2 and arranged such
that the footprint of the cluster encompasses approximately 0.4 ha
(Bechtold and Patterson, 2005). At each plot location, one or more
conditions, which include information on forest/nonforest, stand type,
ownership, and accessibility, are recorded. Then, tree data are collected
for all trees with diameter at breast height (dbh)�12.7 cm on each of the
168 m2 subplots including species, dbh, status as live or dead, whether a
dead stem is to be counted as a harvest removal or other mortality and
the likely cause of that mortality, and several other attributes. Sapling
(dbh 2.5–12.6 cm) attributes are collected on an approximately 13.5 m2

circular microplot nested within each subplot. On themicroplots, species,
dbh, and location are consistently collected for live stems only (the fates
of dead or possibly harvested stems of this size are not tracked). Seedling
(dbh <2.5 cm and height �15 cm for softwoods or �30.5 cm for hard-
woods) attributes are also collected on the microplots and include a
simple tally by species. In addition to various tree-centric measures, in-
ventories record several site attributes such as ownership group, forest
type, stand size/maturity, visible signs of disturbances including forest
2

health and harvesting operations, and more ancillary site attributes to
help describe the condition (Burrill et al., 2018). Around 2000, FIA
adopted an annualized inventory protocol in which the inventory was
continuous, i.e., a fixed percentage of inventory plots is measured every
year in every state such that plots are remeasured every 5–7 years and,
after the initial cycle, statewide inventories are updated yearly as the
oldest data are replaced by the remeasured data.

2.2. Data filtering and preparation

The data selection process below was intended to construct a ‘natural
experiment analytical approach’ for this observational data. In this case,
we filtered the data such that all plot locations included in our analysis
began the time series (‘t1’) as undisturbed mature upland oak forests,
later encountered one of the disturbance types of interest (described
later) by the second inventory ‘t2’, and their responses to those distur-
bances were examined at the third inventory ‘t3’ (Supplementary Ma-
terials Fig. S1).

At the time of data acquisition, inventories from circa 2000 through
2018 were available from across the eastern US analysis region (forest-
land portions of 37 continental US states east of 100� W longitude)
varying slightly by state within the region. Within this period, we
collated records from three complete inventories (t1–t3) for each plot
location. Any plot locations without at least three consecutive inventories
recorded were discarded. For each individual inventory through time at a
given plot location, data from all subplots were combined into a single
plot location summary following the FIA sample design procedures
described by Bechtold and Patterson (2005).

From the first inventory cycle in this timespan (hereafter, t1), we
identified locations with mature, upland oak characteristics that, at that
time, did not show signs of recent disturbance. Mature characteristics
included the following plot-level attributes: a) a preponderance of large
or medium tree diameters (�50% of trees �12.7 cm dbh), b) an average
(quadratic) tree diameter�18 cm, and c) a recorded stand age�50 years
old. For reference, most upland oaks begin seed production at approxi-
mately 20–30 years old (Burns and Honkala, 1990). Upland oak char-
acteristics included plots that had at least 10% of living plot-level
stocking (sensu Gingrich, 1967) comprised of upland oak species (as
defined in introduction) but were not located on hydric sites or flood-
plains/bottomlands. Evidence of recent disturbance included: a) any
disturbances or treatments recorded in the inventory record, b) any
artificial regeneration recorded in the inventory record, c) canopy
stocking <60% since the average mature canopy stocking was >100%,
and d) a standing-dead basal area > 1 standard deviation more than the
average standing-dead basal area across all mature upland oak plots in
the analysis region. Plot locations that met any of the criteria above at t1
were considered recently disturbed and excluded from analysis. A sum-
mary of stand attributes of these mature plots is provided in Supple-
mentary Materials Table S1. As noted in Supplementary Materials
Table S2, these stands are quite diverse on average, with species spanning
the range of silvical characteristics and life history traits.

For the second inventory cycle (hereafter, t2), any mortality of trees
present at t1 was considered a disturbance and we categorized the once-
undisturbed, mature upland oak plot locations based on which tree-level
cause of death (AGENTCD in the inventory record), if any, affected the
most basal area since t1 (the previous measurement, �5–7 years earlier).
We limited our analyses to the following four disturbance categories:
insect, disease, harvesting, or undisturbed. Plot locations that experi-
enced multiple types of disturbance were discarded. A total of 3,302 plot
locations within the data available for the period of interest met all the t1
criteria above, of which 97 were categorized as insect disturbances at t2,
335 were categorized as diseased, 326 were categorized as harvested,
and 549 were categorized as undisturbed, meaning no trees died from t1
to t2. The final 1,327 FIA plot locations used in our analyses were
dispersed throughout the eastern US upland oak forest (Supplementary
Materials Fig. S2). Because of variation in state-level sampling schedules,
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the time since disturbance can range from 5 to 14 years or be ongoing in
the case of a single disturbance type that continued from t2 to t3 (Sup-
plementary Materials Fig. S3). We quantified the magnitude of distur-
bance as the proportion of t1 canopy crown competition factor (CCF,
Krajicek et al., 1961) lost to mortality by t2. CCF is the sum of maximum
crown areas (empirical values from open grown trees of a species) for all
trees on a plot, which can be calculated in upland oak stands (using US
customary units) as 0:0176Nþ 0:0206

P
Di þ 0:00603

P
D2
i , where:

summations are over all trees on the plot expanded to their unit area, Di is
the dbh of tree i andN is the number of trees per unit area. We defined the
canopy as trees that were recorded as having dominant or codominant
crown classes. Additional information on the magnitude of disturbance
observed in the analyzed plots is provided in Supplementary Materials
Table S3 and Fig. S4.

The same dataset was used to address all three hypotheses. The data
uses are publicly available at https://www.fia.fs.usda.gov/ and were
retrieved via the rFIA package (Stanke et al., 2020) for R statistical
software (R Core Team, 2021). All analyses were conducted with R sta-
tistical software.
2.3. Data analyses - general

To address all Research Questions, we used either negative binomial
or logistic generalized linear mixed models via the “glmmTMB” package
for R (Brooks et al., 2017). Negative binomial models are appropriate
when the dependent variable is count data (Hilbe, 2011) as was the case
for our post-disturbance density analyses. Logistic regression is appro-
priate when the dependent variable is proportional count data (Zuur
et al., 2009) as was the case for our post-disturbance relative density
analyses. In either case, our primary explanatory variable of interest was
the type of disturbance that occurred at t2 (insect, disease, harvesting, or
undisturbed). Here, the harvesting and undisturbed categories served as
disturbed and undisturbed ‘controls’, respectively. Because oak strongly
relies on advance reproduction to regenerate, we expected that the oak
regeneration response variables (at t3) for all of our Research Questions
would vary depending on the presence (or absence) of upland oak
advance reproduction prior to disturbance (at t1) and included it as a
fixed-effect covariate to account for its expected overriding influence. We
also included an offset variable based on the time since disturbance for
each plot to account for differences attributable to temporal stand
development given the variation in time since disturbance and remea-
surement periods found in FIA plots.

Given the breadth of the analysis region and that oak regeneration is
known to be influenced by site factors (Johnson et al., 2019), we sus-
pected there could be natural variation arising from regional and/or
physiographic site differences. During preliminary analysis for each
objective, we investigated whether including random effect terms for
ecological section (McNab et al., 2007) and/or topographic class (Burrill
et al., 2018) were needed to account for these likely sources of variation.
If the inclusion of either random effect term resulted in superior model fit
according to the Schwarz Information Criteria, RMSE, and other metrics
reported by the “performance” package for R (Schwarz, 1978; Burnham
and Anderson, 2002; Lüdecke et al., 2021), it was retained in the final
model form used in our analyses.

We used Analysis of Deviance with Wald type III χ2 tests via the “car”
package for R (Fox and Weisberg, 2019) to determine whether the
explanatory variables under investigation were statistically significant
sources of variation in the response variables for each Research Question.
If any explanatory variable was deemed statistically significant (α ¼
0.05), we continued with our pre-planned contrasts between factor levels
via the “emmeans” package for R (Lenth, 2023).
2.4. Data analyses - specific

The description of the analyses specific to each Research Question is
3

organized by the three main Research Questions below.
Research Question 1) Do forest health disturbances affect upland oak

regeneration abundance (seedlings and saplings)?
To address the first Research Question, we examined both the abso-

lute and relative density of upland oak regeneration. In the case of ab-
solute density, the dependent variable was the combined density of
upland oak seedling and sapling reproduction at t3, which included
seedlings �30.5 cm in height and saplings with a dbh 2.5–12.6 cm.
During preliminary analyses, we determined that an interaction term for
disturbance category and presence of advance reproduction did not
improve model performance, but random effects for both ecological
section and physiographic class did. Thus, the final model used in our
analysis of absolute density for Research Question 1 was:

cyijk ¼ eβ0þβ1Diþβ2Ajþαrþτsþ lnðTkÞ (1a)

where: cyijk ¼ estimated conditional mean density of upland oak repro-
duction post-disturbance, Di ¼ one of four disturbance categories
included in this study (denoted by i and includes none, harvested, insect,
disease), Aj ¼ one of two advance reproduction categories (denoted by j
and includes present or absent), Tk is an offset variable representing time
since disturbance (or remeasurement period if undisturbed) for a given
plot (denoted by k), αr is a random effect for each individual ecological
section (denoted by r), τs is a random effect for each individual physio-
graphic class (denoted by s), and β0, β1 and β2 are parameters to be
estimated from the data. Note: Parameters were fit based on plot-level
count data with model estimates expanded to the hectare basis for pre-
sentation herein.

For our analysis of relative density, the dependent variable was the
upland oak proportion of the combined density of all seedling and sapling
reproduction from all species at t3. Such an analysis necessitated plots
totally lacking in reproduction of any species be discarded. During pre-
liminary analyses, we determined that an interaction term for distur-
bance category and presence of advance reproduction did not improve
model performance, nor did random effects for ecological section or
physiographic class. Thus, the final model used in our analysis of relative
density for Research Question 1 was:

logitðPÞ¼β0þβ1Di þ β2Aj þ lnðTkÞ (2)

where: logitðPÞ ¼ estimated conditional mean relative density of upland
oak reproduction post-disturbance, Di ¼ one of four disturbance cate-
gories included in this study (denoted by i and includes none, harvested,
insect, disease), Aj ¼ one of two advance reproduction categories
(denoted by j and includes present or absent), Tk is an offset variable
representing time since disturbance (or remeasurement period if undis-
turbed) for a given plot (denoted by k), and β0, β1 and β2 are parameters
to be estimated from the data. Note: Parameters were fit based on plot-
level count data with model estimates expanded to the hectare basis
for presentation herein.

Research Question 2) Do forest health disturbances affect upland oak
sapling recruitment (sapling ingrowth)?

To address the second Research Question, we again examined both
the density and relative density of post-disturbance upland oak sapling
ingrowth, which was defined as saplings that first reached the 2.5 cm dbh
threshold after disturbance (at either t2 or t3). For our analysis of ab-
solute density, we simply adapted Eq. 1a for this analysis by changing the
dependent variable to density of post-disturbance upland oak sapling
ingrowth at t3. During preliminary analyses, we determined that an
interaction term for disturbance category and presence of advance
reproduction did not improve model performance, but random effects for
both ecological section and physiographic class did and they were
retained in the final model.

For our analysis of relative density towards the second Question, we
adapted Eq. 2 by simply changing the dependent variable to proportion
of post-disturbance sapling ingrowth that upland oaks made up of all

https://www.fia.fs.usda.gov/


Table 1
Analysis of Deviance table as calculated from a negative binomial generalized
linear model (Eq. 1a) for post-disturbance density upland oak seedling and
sapling regeneration by disturbance category and presence or absence of upland
oak advance reproduction in mature upland oak forests in the eastern US.

Parameters Df χ 2 Pr (>χ 2)

Intercept 1 22.723 <0.0001
Disturbance (Di) 3 35.541 <0.0001
Adv. Reproduction (Aj) 1 263.370 <0.0001
Residual Deviance: 6,490.4 1,319 280.38 <0.0001
Null Deviance: 6,766.4 1,325 – –
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species at t3. As was the case for the relative density analysis for Research
Question 1, this analysis necessitated plots totally lacking in reproduction
of any species be discarded. During preliminary analyses, we determined
that an interaction term for disturbance category and presence of
advance reproduction did not improve model performance, nor did
random effects for ecological section or physiographic class.

Research Question 3) Does the magnitude of disturbance affect up-
land oak sapling recruitment?

To address the third Research Question, we examined the absolute
density of post-disturbance upland oak sapling ingrowth, which included
those saplings that first reached the 2.5 cm dbh threshold at either t2 or
t3. This was the same dependent variable from the absolute density
analysis in Research Question 2. However, in this analysis, we not only
adapted Eq. 1a by changing the dependent variable but also included an
additional explanatory variable, as the primary explanatory variable of
interest for this Research Question was the magnitude of disturbance,
which we defined as the proportion of upper canopy crown competition
factor (Krajicek et al., 1961) at t1 that was lost to mortality by t2. During
preliminary analyses, we determined that an interaction term for
disturbance category and presence of advance reproduction did not
improve model performance, but random effects for ecological section
and physiographic class did. Thus, the final model used in our analysis of
absolute density for Research Question 3 was:

cyijk¼eβ0þβ1Diþβ2Ajþβ3MkþαrþτsþlnðTk Þ (1b)

where: cyijk ¼ estimated conditional mean density of upland oak post-
disturbance sapling ingrowth (incl. t2 þ t3; 2.5 cm threshold), Di ¼
disturbance category (harvested, insect, disease), Aj ¼ presence of
advance reproduction (present, absent), Mk is the magnitude of distur-
bance (proportion of upper canopy death) for a plot (denoted by k), Tk is
an offset variable representing time since disturbance (or remeasurement
period if undisturbed) for a plot (k), αr is a random effect for ecological
section, τs is a random effect for physiographic class, and β0, β1, β2 and β3
are parameters to be estimated from the data. Note: Parameters were fit
based on plot-level count data with model estimates expanded to the
hectare basis for presentation herein.

3. Results

3.1. General

There were differences in the observed range of disturbance magni-
tude between the three disturbance types included in our analysis, with
harvesting > insect > disease in terms of average canopy reduction. On
average, disturbances captured in our data induced about 12% canopy
mortality, i.e., the CCF lost to mortality from previously living dominant
or codominant trees was 12% lower at t2 than the live CCF in dominant
or codominant trees recorded at t1. Disease disturbances averaged 6%
canopy reductions and never induced >44% canopy mortality while in-
sect disturbances averaged 12% canopy reduction and were always
�60% canopy mortality. Harvesting disturbances averaged 37% canopy
reductions and resulted in complete canopy removal in some cases.

3.2. Specific

The description of the results specific to each Research Question is
organized by the three main Research Questions below.

3.2.1. Research Question 1) Do forest health disturbances affect upland oak
regeneration abundance (seedlings and saplings)?

3.2.1.1. Absolute density. A likelihood ratio test comparing the fitted
model from Eq. 1a for the post-disturbance density of upland oak seed-
lings and saplings to a null (intercept-only) model showed that the model
in Eq. 1a was statistically superior and explained about 42% of the
4

variation. The random effects of region and site type accounted for 26%
of that explained variation. Analysis of deviance indicated the type of
disturbance (p � 0.0001) and the presence of advance reproduction (p �
0.0001) were both statistically significant predictors according to the
Wald type III test (Table 1).

Our analysis shows (Fig. 1a) that the presence of advance reproduc-
tion had a greater effect on the number of upland oak seedlings and
saplings present eight years post-disturbance than did the types of
disturbance. Regardless of disturbance category, post-disturbance upland
oak regeneration was fewer than 500 stems per hectare without advance
reproduction. When advance reproduction was present, regenerationwas
3–5 times more numerous across all disturbance categories. In both cases,
there was statistically more upland oak regeneration eight-years
following harvesting than any other disturbances (Fig. 1a).

3.2.1.2. Relative density. A likelihood ratio test comparing the fitted
model from Eq. 2 for the post-disturbance relative density of upland oak
seedlings and saplings to a null (intercept-only) model showed that Eq. 2
was statistically superior and explained 13% of the variation. Analysis of
deviance from that model indicated that disturbance type was not a
statistically significant predictor of the relative density of upland oak
seedlings and saplings according to the Wald type III test (p ¼ 0.6372),
but presence of advance reproduction was (p< 0.0001, Table 2). Without
upland oak advance reproduction, upland oak regeneration averaged 5%
of all regeneration present after eight years with <1% difference across
disturbance categories (Fig. 1b). When advance reproduction was pre-
sent, upland oak averaged 19% of all regeneration after eight years but
differences across disturbance categories were <5% and not statistically
significant. Only three oak species were within the top 20 species for
relative density of total seedlings and saplings, including Quercus alba
(8th, 3%), Quercus rubra (12th, 3%), and Quercus montana (13th, 2%)
when averaged across all conditions study-wide (Supplementary Mate-
rials Table S2).

3.2.2. Research Question 2) Do forest health disturbances affect upland oak
sapling recruitment (sapling ingrowth)?

3.2.2.1. Absolute density. The fitted model from Eq. 1a for post-
disturbance upland oak sapling ingrowth was statistically superior to a
null (intercept-only) model and explained 31% of the variance. The
random effects for region and site type accounted for 28% of that
explained variation. Analysis of deviance indicated disturbance type was
not statistically significant (p ¼ 0.1596) according to the Wald type III
test, but presence of advance reproduction was (p < 0.0001, Table 3).
Eight years following disturbance, an average of 21 new upland oak
saplings per hectare had entered the 2.5 cm diameter class when there
was no advance reproduction present (Fig. 2a). There was a non-
statistically significant spread of 11 stems⋅ha�1 across the disturbance
types in the absence of advance reproduction. The three-fold greater
number of new upland oak saplings when advance reproduction was
present (67 stems⋅ha�1) was statistically significant, but there were no
detectable differences among disturbance types.



Fig. 1. Density of upland oak seedling and sapling reproduction (a, left) and their relative density compared to all seedling and sapling reproduction (b, right) eight
years post-disturbance by disturbance category and presence or absence of advance reproduction in mature upland oak forests in the eastern US. Columns depict
average values and error-bars depict 95% confidence intervals. Columns not sharing any letters were statistically different (p < 0.05).

Table 2
Analysis of Deviance table as calculated from a logistic generalized linear model
(Eq. 2) for post-disturbance relative density of upland oak seedling and sapling
regeneration by disturbance category and presence or absence of upland oak
advance reproduction in mature upland oak forests in the eastern US. Note: plots
lacking post-disturbance regeneration from any species were excluded from this
analysis.

Parameters Df χ 2 Pr (>χ 2)

Intercept 1 1,122.6286 <0.0001
Disturbance (Di) 3 1.6989 0.6372
Adv. Reproduction (Aj) 1 41.8776 <0.0001
Residual Deviance: 1,024.1 1,305 47.34 <0.0001
Null Deviance: 1,068.2 1,309 – –

Table 3
Analysis of Deviance table as calculated from a negative binomial generalized
linear model (Eq. 1a) for post-disturbance upland oak sapling ingrowth density
by disturbance category and presence or absence of upland oak advance repro-
duction in mature upland oak forests in the eastern US.

Parameters Df χ2 Pr (>χ2)

Intercept 1 158.9173 <0.0001
Disturbance (Di) 3 5.1723 0.1596
Adv. Reproduction (Aj) 1 26.0830 <0.0001
Residual Deviance: 1,430.4 1,319 93.92 <0.0001
Null Deviance: 1,521.3 1,325 – –

Table 4
Analysis of Deviance table as calculated from a logistic generalized linear model
(Eq. 2) for post-disturbance upland oak sapling ingrowth relative density by
disturbance category and presence or absence of upland oak advance repro-
duction in mature upland oak forests in the eastern US. Note: plots lacking
sapling ingrowth from any species were excluded from this analysis.

Parameters Df χ2 Pr (>χ2)

Intercept 1 686.8447 <0.0001
Disturbance (Di) 3 2.4569 0.4831
Adv. Reproduction (Aj) 1 13.1325 0.0003
Residual Deviance: 490.3 963 13.75 0.008
Null Deviance: 501.7 967 – –
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3.2.2.2. Relative density. The fitted model from Eq. 2 for the relative
density of post-disturbance upland oak sapling ingrowth was statistically
superior to a null (intercept-only) model and explained 11% of the
Fig. 2. Upland oak sapling ingrowth density into the 2.5 cm diameter class (a, lef
diameter class (b, right) eight years post-disturbance by disturbance category and pr
eastern US. Columns depict average values and error-bars depict 95% confidence in
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variation. Analysis of deviance from that model indicated that distur-
bance type was not a statistically significant predictor (p ¼ 0.4831) ac-
cording to the Wald type III test, but presence of advance reproduction
was (p ¼ 0.0003, Table 4). Eight years following disturbance, upland
oaks averaged about 3% of all new saplings, varying no more than 2%
across disturbance types, which was not a statistically significant differ-
ence (Fig. 2b). The increase to 10% of all new saplings when upland oak
advance reproduction was present was statistically significant. Across all
conditions, the only oak species within the top 20 species in terms of
relative density of new sapling ingrowth was Quercus alba which was
ranked 19th, averaging approximately 1% study-wide (Supplementary
Materials Table S2.)

3.2.3. Research Question 3) Does the magnitude of disturbance affect upland
oak sapling recruitment?

A likelihood ratio test comparing the fitted model from Eq. 1b for
post-disturbance upland oak sapling ingrowth density to a null
t) and their relative density compared to all sapling ingrowth into the 2.5 cm
esence or absence of advance reproduction in mature upland oak forests in the
tervals. Columns not sharing any letters were statistically different (p < 0.05).
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(intercept-only) model showed that Eq. 1b was statistically superior and
explained about 24% of the variation in disturbed plots. Analysis of
deviance from that model indicated that disturbance type was not a
statistically significant predictor (p¼ 0.2807) according to the Wald type
III test, but both the magnitude of disturbance (p ¼ 0.0019) and the
presence of advance reproduction were (p < 0.0001, Table 5).

Increased magnitude of disturbance leads to an increased occurrence
of upland oak sapling ingrowth no matter the disturbance type (Fig. 3). A
disturbance magnitude of 45%, about the upper limit of disease-based
disturbances observed in this data, resulted in 97% more new upland
oak saplings after 8 years compared to a canopy disturbance that
removed only 5% of the canopy. A disturbance that induced 60% canopy
mortality, about the upper limit of insect-based disturbances observed in
the plots used for this analysis, increased upland oak sapling ingrowth
176% over a 5% canopy disturbance. Complete overstory removal
increased upland oak sapling ingrowth by over 400%, but this magnitude
of canopy reduction was only observed on plots that were harvested.

The presence of advance reproduction resulted in a 290% increase in
upland oak sapling ingrowth on average, regardless of disturbance type
or magnitude. Moreover, the influence of advance reproduction tended
to be greater than the effect of increasing disturbance magnitude. For
example, the estimates from the fitted model in Eq. 1b indicate that it
takes an increase in disturbance magnitude of 80% (e.g., increasing from
5% to 85% disturbance magnitude) to produce a similar change in upland
oak sapling ingrowth as the difference that arises from the presence of
advance reproduction. Accordingly, when advance reproduction was
absent, upland oak sapling ingrowth remained low for all disturbance
categores at all levles of disturbance magnitude, with the average never
more than 50 new upland oak saplings per hectare in the range of con-
ditions observed.

4. Discussion

There are numerous threats to the health of tree species found in
eastern US upland oak forests, but recently common oak-specific threats
in the region include spongy moth (Lymantria dispar) and oak decline
complexes (Potter and Conkling, 2021). Several other oak-specific
threats or potential-threats vary in temporal or geographical extent
including oak wilt (Bretziella fagacearum), sudden oak death (Phytoph-
thora ramorum) and several Agrilus beetles (Meunier et al., 2019; Haller
and Wimberly, 2020; Conrad et al., 2020). The severity of these distur-
bances varies with the cause of disturbance, but the initial stand condi-
tions at the time of disturbance and many other factors contribute to the
ultimate effects (Edmonds et al., 2010). For example, older ages, poor
vigor, high competition, shallow soils, drought, andmesic slope positions
have been identified as predisposing factors for oak mortality (Radcliffe
et al., 2021).

Recognizing that understory dynamics influence future forest
composition, health, and sustainability, our analysis aimed to evaluate
the influence of current forest health induced canopy reductions on
regeneration in upland oak forests across the eastern US. Collectively, we
Table 5
Analysis of Deviance table as calculated from a negative binomial generalized
linear model (Eq. 1b) for post-disturbance upland oak sapling ingrowth density
by disturbance category, magnitude of disturbance, and presence or absence of
upland oak advance reproduction in mature upland oak forests in the eastern US.
Note: plots lacking sapling ingrowth from any species and those in the no
disturbance category was excluded from this analysis.

Parameters Df χ2 Pr (>χ2)

Intercept 1 183.0885 <0.0001
Disturbance (Di) 2 2.5409 0.2807
Magnitude of Disturbance (MkÞ 1 21.1542 0.0019
Adv. Reproduction (Aj) 1 9.6692 <0.0001
Residual Deviance: 860.6 770 51.91 <0.0001
Null Deviance: 912.5 776 – –
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found limited evidence that the forest health related canopy disturbances
observed had meaningful direct effects on the regeneration and recruit-
ment of upland oaks. The only evidence for a direct effect was statistically
lower total oak reproduction observed following insect or disease-based
disturbance compared to harvesting, but, in those cases, oak reproduc-
tion was still comparable to that of undisturbed plots. Forest health
disturbances resulted in about as many new upland oak saplings several
years following disturbance as harvesting or no disturbance did. How-
ever, the lack of differences found among disturbance categories in our
analysis does not necessarily mean that the effects of the forest health
disturbances were benign. The estimated 21–67 new upland oak saplings
per hectare (Fig. 2a) that developed across disturbance categories falls
short of even the lowest estimates of sapling recruitment suggested to
plausibly avoid composition shifts in upland oak forests (212–327 per ha,
Vickers et al., 2019a, b) as well as the 150–175 per ha estimated to simply
maintain an economically viable oak component in such stands (Miller
et al., 2007; Brose et al., 2008; Ward, 2009). Moreover, the 3%–10% of
sapling ingrowth comprised by upland oaks eight years after disturbance
across disturbance categories points to a considerable regeneration debt
(sensu Miller and McGill, 2019) compared to the average of nearly 50%
upland oak component in the canopy of these plots at maturity prior to
disturbance.

Our results show that forest health disturbances are a catalyst in the
widespread phenomena of composition shifts in oak stands without
necessarily negatively impacting oak seedling and sapling populations.
Instead, the effect is indirect, releasing saplings from the suite of common
competitors that currently inhabit the understory of upland oak stands,
which includes several species in the Acer genus, Nyssa sylvatica, Fagus
grandifolia, and others (Supplementary Materials Table S2), all of which
vary in prevalence across the region. The transition of oak forests to non-
oak species is a widespread concern that is driven, at least in part, by
changing disturbance regimes and growing conditions that do not favor
oak regeneration and recruitment (Larsen and Johnson, 1998; Fei et al.,
2011; McEwan et al., 2011; Wurzburger et al., 2023). Similar conclusions
have been reached outside the eastern US region that our study focused
on (Bobiec et al., 2018). Recent broad-scale studies have documented a
lack of ‘regeneration-ready’ mature oak stands in the eastern US, evi-
denced by a lack of sufficient advance reproduction (McEwan et al.,
2011; Miller and McGill, 2019; Vickers et al., 2019b). This
landscape-scale concern is not regarded as a conventional forest health
issue. However, we submit that classifying the current regeneration and
recruitment bottlenecks encountered by most mature oak forests in the
eastern US as a prevailing forest health crisis is an appropriate step. A loss
of oaks in the eastern US forest would be monumental given their current
prevalence and influence on the forest, making up as much as 43% of
eastern US timberland (Moser et al., 2006). Given that prevalence, failure
to regenerate and recruit oaks has considerable ecological and economic
implications for the region, where acorns are the most important wildlife
food source (McShea and Healy, 2002) and oak dominated forests can
contribute as much as 13 billion US dollars and 50,000 jobs to the
economy of a single US state, for example (Stringer et al., 2021).

Regeneration and recruitment of upland oak in our analysis was
greater when advance reproduction was present and alarmingly low
when it was absent. This points to the status of advance reproduction as a
key co-morbidity for any oak forest health threat and the advantages
afforded by management that promotes a robust population of advance
reproduction. Upland oaks are strongly reliant on competitive advance
reproduction to regenerate, which is often scarce, and their recruitment
into dominant canopy positions following canopy disturbance is usually
commensurate with the abundance of competitive advance reproduction
(Sander, 1971; Brose et al., 2008). Though variable, the densities of
seedling-sized and larger upland oak regeneration that were present
following disturbances where advance reproduction was in place be-
forehand (Fig. 1a) leaves open the possibility that oak management could
be a part of these stands in the future. It remains to be seen what pro-
portion, if any, of those seedling-sized stems will survive and recruit into



Fig. 3. Density of upland oak sapling ingrowth into the 2.5 cm diameter class eight years post-disturbance by disturbance category, presence or absence of advance
reproduction, and magnitude of disturbance in mature upland oak forests in the eastern US. Error-bands depict 95% confidence intervals. Gray depicts “no distur-
bance” disturbance category for reference.
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the sapling size class as the plots continue their post-disturbance devel-
opment. Prior research has shown that proportion typically is low and
dependent on their size (Loftis, 2004), which was not collected in the
data available to us. Focused silviculture has been shown to improve this
condition in some cases (Loftis, 1990; Brose et al., 2008; Johnson et al.,
2019), and indeed, the densities of post-disturbance oak regeneration
were higher in harvested plots in our analysis. However, we cannot
ascertain from our dataset what the objectives of the harvestingmay have
been when implemented.

Given the observational nature of this study and the limitations of the
data used, we could only examine forest health issues as detected by new
tree deaths recorded in the inventory record. There are certainly in-
stances where canopy trees do not exhibit widespread mortality but
nonetheless are experiencing forest health related disturbances that alter
canopy health and subsequently influence understory populations either
directly or indirectly through altered light levels and other ways. While
FIA does record certain aspects of tree and canopy health on a subset of
plots (Schomaker et al., 2007), the sample sizes are comparatively sparse
(Randolph et al., 2010) and the attributes collected and protocols used
have changed through time (Woudenberg et al., 2010; Burrill et al.,
2018), which may complicate potential inferences that may be attainable
from such data. Future research directions would ideally include longer
durations and better attribution of disturbance including specific types of
pests. This will become increasingly possible as updated protocols have
addressed some of those limitations (Burrill et al., 2018).
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