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In the Appalachian Mountains, Liriodendron tulipifera monocultures are widespread, with these forests lacking both
species and structural diversity. In this study, we developed models that described the effects of thinning treatments,
conducted almost 60 years ago, on the density, composition, and functional identity of the woody understory in
L. tulipifera forests. The woody understory of these thinned L. tulipifera forests was diverse, with the small seedling
(<1.4 m), large seedling (21.4 m and <2.54 cm dbh), and sapling (>2.54 and <12.7 cm) layers possessing 38, 32, and 23 spe-
cies, respectively. Although model performance was low to moderate (> = 0.05-0.40), we found that legacy effects, alone
or in combination with environmental variables, explained, in part, the variability associated with the density,
composition, and functional identity of the small seedling, large seedling, and sapling size classes, with the relative influ-
ence of legacy versus environmental effects varying by metric and size class. Post-thinning basal area and/or percent of
basal area removed were not the primary legacy effects influencing the woody understory. Instead, legacy effects
associated with species composition of the overstory before and/or after thinning along with average stem diameter
post-thinning, variation in stem diameter post-thinning, and age at the time of thinning were more influential than den-
sity or thinning intensity. This study provides evidence that conserving species diversity during forest management
activities can have positive long-term effects on composition and function of the woody understory and increase resto-
ration potential.
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Implications for Practice Introduction

Restoration of ecological complexity and integrity and associ-
ated biodiversity are common goals associated with the active
management of temperate forests worldwide (Messier
et al. 2013). Silvicultural practices applied to achieve ecological
goals and objectives have evolved from the application of tradi-
tional silvicultural methods which were developed and imple-
mented to homogenize growing conditions for the efficient
production of timber (Puettmann et al. 2009). In many areas,

e Restoring complexity to even-aged forests that lack spe-
cies and structural diversity is an objective in temperate
forests worldwide, and quantifying the effects of past for-
est management on the woody understory is critical to
developing effective restoration treatments.

e Land use legacies, including previous forest manage-
ment, can constrain ecological conditions and restrict res-
toration opportunities.

e Thinnings conducted approximately 60 years ago
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Legacy of thinning evident in understory

contemporary approaches to forest management are focused on
using multifunctional silviculture to restore or maintain key eco-
system functions and processes, increase adaptive capacity to
global change pressures, and increase heterogeneity of structure
and composition in efforts to sustain ecosystem services across
spatial and temporal scales (Palik et al. 2020).

Although silviculture and, more broadly, forest management
objectives have changed in recent decades (D’Amato
et al. 2018), particularly as related to public land management,
the structure, composition, and function of contemporary forests
are often influenced by land use history (Flinn & Marks 2007,
Dyer 2010). At the landscape-level, legacy effects associated
with past management regimes are manifested in present-day
landscape patterns of forest ages, structures, and compositions
(Wulder et al. 2009). At the stand-level, where management
activities are planned and implemented, legacy effects are more
nuanced and depend on disturbance intensity and interactions
with abiotic and biotic conditions during and after disturbance
(Brown et al. 2015; Mitchell et al. 2017).

Legacy effects associated with past forest management prac-
tices may persist for decades and can affect structure, composi-
tion, and function of ecological attributes, including understory
vegetation (Perring et al. 2018), tree regeneration (Canuel
et al. 2019), growth and productivity (Devine & Harring-
ton 2009), dead and downed wood (Muurinen et al. 2019), and
soil properties (James et al. 2018). These legacy effects, in turn,
influence how forests respond to disturbance (Mausolf
et al. 2018), including restoration activities, and could possibly
constrain future ecological processes and conditions (Royo &
Carson 2006; Garbarino & Weisberg 2020).

In the southern Appalachian Mountains, an area of the south-
eastern US with inherently high levels of ecological complexity
and biodiversity (Jenkins et al. 2015), land use practices in the
late nineteenth and early twentieth centuries coupled with
the loss of a keystone species, Castanea dentata (Ellison
et al. 2005), have, due to weakened environmental-species rela-
tionships, homogenized forest conditions (Vellend et al. 2007)
and, in some instances, created novel species compositions rela-
tive to those that were present prior to European colonization
(Elliott & Swank 2008; Elliott & Vose 2011). In productive
areas of the Appalachians, forests that experienced land clearing
for agriculture and/or heavy cutting are often dominated by Lir-
iodendron tulipifera, which, due to its ability to outcompete
other native tree species via regeneration from seed rain, seed
bank (Keyser et al. 2012), and stump sprouting (Keyser & Lof-
tis 2015), often form even-aged monocultures that lack species
and structural diversity (Kalisz 1986; Keyser 2012). Although
considered an early seral species due to its shade intolerance,
L. tulipifera is long-lived and a component of remnant old-
growth forests (Buckner & McCracken 1978).

Prior to European colonization, L. tulipifera was restricted to
mesic and topographically sheltered portions of the landscape
(e.g. coves, concave toeslopes, north and east-facing toeslopes)
(Ayres & Ashe 1905) where it was a component of complex and
highly diverse forests (Whitaker 1956; Della-Bianca 1983).
However, past land use and lack of disturbance following colo-
nization have created conditions favorable to the expansion

and/or perpetuation of L. tulipifera following heavy canopy
reduction via natural or silvicultural disturbances across
landscape positions and associated productivity gradients
(Elliott & Swank 2008; Swaim et al. 2018). Ecological restora-
tion efforts in L. tulipifera monocultures are focused on promot-
ing structural complexity and restoring species diversity
(Keyser & Brown 2014; Kremer & Bauhus 2020) in efforts to
increase heterogeneity of forest conditions at sub-stand, stand,
and landscape levels. It is important to understand these restora-
tion efforts are focused, not on recreating a past condition, but
recovering or restoring ecological attributes, including those
associated with compositional and structural diversity, that
confer resilience and adaptive capacity to global change
(Gann et al. 2019; D’ Amato & Palik 2020).

There are approximately 1.5 million hectares of pure
L. tulipifera forests exist throughout the eastern US, 90% of
which are 80 years and younger, with an additional approxi-
mately 244,000 ha converted to pure L. tulipifera forest annu-
ally through natural processes (e.g. mortality of species other
than L. tulipifera leading to dominance and change in forest type
to L. tulipifera) or forest management activities (USDA Forest
Service, Forest Inventory and Analysis Program 2021). In
L. tulipifera stands that regenerated during the early part of the
twentieth century, thinning treatments were often implemented
to increase growth and decrease rotation age of this valuable
timber species (Franklin et al. 1990). Although silviculture and
objectives associated with forest management have changed in
recent decades, there remains a need to understand how previ-
ously applied, classical silvicultural treatments focused on tim-
ber production affect present-day forest structure and function
in efforts to inform restoration treatments. Without the distur-
bances associated with European colonization, forests in areas
of the landscape where L. tulipifera now dominates (e.g. cove for-
ests; Simon et al. 2005) would have been characterized by uneven-
aged forests comprised of shade-intolerant (e.g. L. rulipifera,
Juglans nigra), mid-tolerant (e.g. Magnolia acuminata, Quercus
rubra), and tolerant (e.g. Fagus grandifolia, Acer saccharum)
(Della-Bianca 1983; Busing 1998) species. Understanding stand
dynamics in these previously managed L. tulipifera monocultures
is critical to developing effective and efficient treatments that
restore diversity and function to what were historically highly
diverse and complex ecosystems.

In this study, we quantified the density, composition
(i.e. species richness), and functional identity of the woody
regeneration layer in previously thinned second-growth
L. tulipifera forests to identify whether legacy effects of forest
management, conducted almost 60 years ago, are still evident
and influencing current structure, composition, and function
and resultant restoration potential. Of the legacy effects tested
(Table 1), we hypothesized that, due to its effects on understory
light availability (Tsai et al. 2018), density immediately post-
thinning (residual basal area [m?/ha] of the overstory), and/or
thinning intensity (the percent of basal area removed), would
have a significant influence on the density, composition, and
function of the woody understory. Although hypotheses related
to the relationship between the woody understory and other leg-
acy effects, including species richness of the overstory pre- and
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Legacy of thinning evident in understory

Table 1. Legacy and environmental variables utilized in model
development.

Abbreviation Definition
Legacy effects
PostBA Basal area (m*/ha) of overstory stems (stems
>12.7 cm dbh) post-thinning
BARED Percent of pre-thinning basal area removed
during thinning
PostQMD Quadratic mean diameter (cm) of overstory trees
post-thinning
PostCVDBH  Coefficient of variation of the stem diameter of
overstory trees post-thinning
PrePBAOT Percent of overstory basal area of species other
than yellow-poplar pre-thinning
PostPBAOT  Percent of overstory basal area of species other
than yellow-poplar post-thinning
PreS Species richness of the overstory pre-thinning
PostS Species richness of the overstory post-thinning
AGE Stand age at the time of thinning
Environmental effects
SI Site index (m, base-age 50) of L. tulipifera
SLP Slope (%)
TASP Transformed aspect (Beers et al. 1966); varied
between 0 (225°) and 2.0 (45°)
ELEV Elevation (m)

post-thinning, average tree size, and variation of average tree
size, along with traditional environmental variables (e.g. slope,
aspect, elevation) were developed (Table S1), we expected those
attributes to exert relatively less control over the woody under-
story than post-thinning density and thinning intensity.

Methods

Study Area, Experimental Design, and Data Collection

This study was conducted in the Blue Ridge Mountains
section of the Central Appalachian Broadleaf Forest—
Coniferous Forest—Meadow Province (Cleland et al. 2007).
Study sites were located throughout western North Carolina on
the Pisgah and Nantahala National Forests. Climate is temperate
and is characterized by cool summers and mild winters. Between
1960 and 1963, 141, 0.1 ha plots were established in L. tulipifera
stands to examine growth and yield of thinned yellow-poplar
stands as a function of site quality, stand age, and density as
quantified by basal area (m*/ha) throughout the southern Appa-
lachian Mountains, from northern Georgia to central Virginia
(Knoebel et al. 1986). Plots were in even-aged, naturally regen-
erated stands in which L. tulipifera dominated the overstory
(stems >11.4 cm dbh) basal area.

At the time of plot establishment in the original study, all live
overstory trees within each plot were tagged. For all tagged
trees, species, dbh (cm), and total height (m) were recorded.
Slope (%), aspect (degrees), elevation (m), and site-index
(m) (Beck 1962) were also recorded during the initial inventory.
Site index is an indirect measure of site productivity and corre-
sponds to the expected height of L. tulipifera at 50 years of
age. Following the initial inventory, plots, plus a 20 m buffer,

were commercially thinned to a randomly assigned basal area
via a low thinning. Stems <11.4 cm were mechanically removed
after thinning. Trees that were too poor for merchantable prod-
ucts but needed to be removed to achieve the assigned post-
thinning basal area were treated with herbicide to deaden the
stem. The herbicide application would have eliminated the
potential of these individuals to regenerate via stump sprouts.
It is unclear how many trees received this herbicide treatment
or whether additional trees, beyond those needed to achieve
assigned residual basal area, received chemical application.

In2018, werevisited 67 of the original 141 plots located in west-
ern North Carolina. Post-thinning basal area of these plots ranged
from 8.7 to 35.4 m*/ha, with between 7 and 50% of the basal area
removed from 63% of the plots and between 50 and 74% removed
from 37% of the plots. The woody reproduction layer (stems
<12.7 cmdbh) was inventoried using three, 0.002 ha (2.5 mradius)
subplots located 8 m from plot center at 0, 120, and 240°. In each
subplot, we enumerated stems by species into three size classes:
small seedlings (stems <1.4 m); large seedlings (stems 21.4 m
and <2.54 cm dbh), and saplings (stems 22.54 and <12.7 cm dbh).

In each subplot, the tallest stem between 0.5 and 12.7 cm dbh was
destructively sampled to determine age structure of the regeneration
layer. Only species characteristics of cove hardwood forests were
destructively sampled (Table 2). In total, we destructively sampled
97 stems for the age structure analysis. Trees were felled in a manner
that left an approximately 5 cm stump. A 3—5 cm cross-section was
obtained from the stump of the destructively sampled tree. The sam-
ples were taken back to the lab, mounted, and sanded until annual
growth rings were visible. Annual rings were counted under a dis-
secting microscope to estimate year of establishment in one of six
time periods (1965 [1960-1969], 1975 [1970-1979], 1985 [1980—
1989], 1995 [1990-1999], 2005 [2000-2009], and 2015 [2010—
2018]). We did not cross-date the age data, as we were interested
in the general trends of the establishment dates of cove hardwood
species relative to when the thinning occurred to identify if the thin-
ning resulted in a pulse of recruitment of these more desirable spe-
cies. Consequently, there is a possibility that missing rings could
have produced slight deviations in true establishment age of some
of the species sampled (Lorimer et al. 1999).

Data Analysis

Plot-level density (stems/ha), species richness, and functional
identity of the advance reproduction layer, by size class, were
calculated as the average of the three subplots. Functional iden-
tity, defined as the community weighted mean, of each size class
was calculated using four traits obtained from the literature and
chosen to represent different life history, mechanical, and phys-
iological strategies: shade tolerance (CWMst), wood-specific
gravity (CWMwsg; g/cm?®) (Miles & Smith 2009), dry seed
mass (CWMdsm; log 10 mg) (USDA Plants Database 2011),
and maximum height at maturity (CWMhgt; m) (USDA Plants
Database 2011). Shade tolerance values were continuous vari-
ables between 1 and 5, with lower values signifying a lower
shade tolerance (Niinemets & Valladarest 2006).

We examined the effects of legacy (i.e. variables that
describe overstory structure and composition immediately
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Legacy of thinning evident in understory

Table 2. Stems/ha + standard deviation of species in the small (stems <1.4 m), large (stems >1.4 m and <2.54 cm dbh), and sapling (stems >2.54 and <12.7 cm
dbh) size classes. Percent of plots that each species was observed included in parentheses. “Indicates species utilized in the destructive sampling for the age
structure analysis; “Indicates species that typically occupy the canopy in cove hardwood forests.

Species Small Seedlings Large Seedlings Saplings

Acer pennsylvanicum® 82.1 £ 387.7 (13%) 19.8 + 131.6 (3%) 11.9 4+ 70.0 3%)
A. rubrum® 5,694.9 + 5,558.4 (87%) 209.0 £ 496.7 31%) 50.6 £ 105.0 (19%)
A. saccharum®® 66.7 + 363.0 (4%) 28.3 + 128.2 (6%) 3.0 £22.3(1%)
Aesculus flava® 51.3 £212.3 (10%) 11.3 + 60.8 3%) 32.7 + 112.0 (7%)
Albizia julibrissin 2.6 +20.7 (1%) 0.0 £ 0.0 (0%) 0.0 £+ 0.0 (0%)

Amelanchier arborea
Betula lenta®”
Carpinus caroliniana®
Carya species™”
Castenea dentata

C. pumilla

Cladrastis kentukea®
Cornus alternifolia

C. florida®
Diospoyros virginiana
Fagus grandifoliab
Fraxinus americana®™®
Helasia tetraptera®™®
llex ambigua

1. monatana

L. opaca
Juglans nigra™
Liriodendron tulipifera™®
Magnolia acuminata®
M. fraseri®®

Nyssa sylvatica
Oxydendrum arboreum
Pinus strobus”

Prunus serotina”
Quercus alba®®

Q. coccinea®

Q. falcata

Q. montana®

0. rubra®®

Q. velutina®

Robinia pseudoacacia™
Sassafras albidum
Tilia heterophylla®™®
Tsuga canadensis™®
Total

b

b

230.8 =+ 492.7 (40%)
210.3 4 974.2 (24%)
97.4 + 648.1 (4%)
1,302.6 % 1,200.7 (94%)
7.7 4+ 35.2 (4%)

2.6 &+ 20.7 (1%)
28.2 + 112.5 (7%)
15.4 £ 105.1 (3%)
110.3 =+ 407.5 (24%)

0.0 £+ 0.0 (0%)

2.6 & 20.7 (1%)
1,089.7 & 1,626.1 (66%)
143.6 & 447.7 (12%)
5.1 £ 29.0 (3%)

10.3 & 65.1 (3%)
66.7 + 358.2 (10%)
15.4 £ 70.5 (6%)
520.5 + 1,070.6 (60%)
28.2 + 86.2 (10%)
38.5 &+ 143.6 (10%)
462 + 119.7 (16%)
35.9 + 192.1 (7%)
261.5 + 1,135.7 (12%)
371.8 + 653.4 (45%)
702.6 £ 1,574.9 (51%)
159.0 + 498.6 (28%)
35.9 + 194.3 (4%)
189.7 + 1,038.7 (21%)
1,294.9 4+ 1,141.8 (85%)
400.0 £ 661.3 (51%)
92.3 + 226.4 (22%)
830.8 % 2,085.5 (33%)
59.0 + 279.9 (7%)
66.7 + 212.1 (15%)
14,369 + 9,383

11.3 + 52.4 (4%)
33.9 + 114.9 (10%)
8.5 & 48.2 (3%)
121.5 & 235.4 (25%)
5.7 + 43.4 (1%)

0.0 £ 0.0 (0%)
5.7 4+ 30.4 (3%)
0.0 & 0.0 (0%)
2.8 +21.7 (1%)
2.8 +21.7 (1%)
0.0 & 0.0 (0%)
76.3 + 173.2 (24%)
96.1 + 292.3 (12%)
0.0 & 0.0 (0%)
2.8 +21.7 (1%)
36.7 + 161.0 (6%)
0.0 & 0.0 (0%)
11.3 + 52.4 (4%)
2.8 +21.7 (1%)
5.7 4+ 30.4 (3%)
8.5 & 48.2 (3%)
14.1 £ 56.1 (6%)
39.6 & 136.1 (10%)
17.0 + 67.1 (6%)
19.8 + 62.6 (9%)
2.8 +21.7 (1%)
0.0 £ 0.0 (0%)
11.3 + 68.3 (3%)
59.3 + 171.7 (19%)
14.1 £ 71.2 (4%)
14.1 + 56.1 (6%)
79.1 + 238.4 (15%)
19.8 + 93.3 (6%)
36.7 4+ 138.6 (%)
1,028 + 844

0.0 £ 0.0 (0%)
98.2 + 158.2 (31%)
17.9 + 93.6 3%)
29.8 + 84.7 (12%)

0.0 & 0.0 (0%)

0.0 + 0.0 (0%)

8.9 & 49.4 (3%)

0.0 & 0.0 (0%)
62.5 + 184.1 (15%)

0.0 £+ 0.0 (0%)

0.0 & 0.0 (0%)
26.8 + 82.7 (10%)

107.1 & 302.2 (12%)

0.0 & 0.0 (0%)

0.0 £ 0.0 (0%)
11.9 + 53.7 (4%)

0.0 & 0.0 (0%)
11.9 + 53.7 (4%)

6.0 + 31.2 (3%)
11.9 + 43.3 (6%)

0.0 + 0.0 (0%)
17.9 + 68.7 (6%)
20.8 + 78.3 (6%)

0.0 £+ 0.0 (0%)

0.0 & 0.0 (0%)

0.0 & 0.0 (0%)

0.0 £+ 0.0 (0%)

6.0 £+ 44.5 (1%)

8.9 & 49.4 (3%)

0.0 £+ 0.0 (0%)
11.9 + 53.7 (4%)
14.9 + 48.0 (7%)
11.9 & 62.4 (3%)
71.4 £ 252.0 (10%)
655 + 377

pre- and post-thinning) and environmental variables (Tables 1 &
3) on the structure (i.e. density), composition, and functional
identity of the advance reproduction layer using multiple linear
regression. We employ the term “legacy effect” to denote the
long-term response, which in this study was approximately
60 years, to the thinning treatment. Pre-thinning legacy effects
examined were limited to those associated with pre-thinning
composition, including richness of the overstory prior to thin-
ning (PreS) and the percent of the overstory basal area repre-
sented by species other than L. tulipifera (PrePBAOT), and
were used as a surrogate for possible propagule sources in undis-
turbed forest surrounding the 0.1 ha (plus buffer) plots. We used
the least absolute shrinking and selection operator (LASSO)
(Tibshirani 1996) to select possible explanatory variables (Proc
GLMSELECT, SAS 9.4). In GLMSELECT, both dependent

and independent variables are automatically standardized to
their Z-score. LASSO differs from traditional variable selection
methods in that all variables are included in the model and then a
penalty factor is applied to the coefficients. This penalization
places a restriction on the magnitude of the coefficients. Vari-
ables that do not contribute to response variables are shrunk
more than important variables, with those contributing
minimally or not at all removed from the model. A 10-fold-
cross-validation determined the optimal LASSO penalization
parameter, with 80% of the data used for model fitting and
20% for model testing. The LASSO method has the additional
benefit of tolerating multicollinearity better than traditional
selection methods (Dormann et al. 2013).

Following variable selection via LASSO, we fitted general
linear models (GLMs) with the selected variables. Variables in
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Legacy of thinning evident in understory

Table 3. Explanatory variable for the 67 study plots. Variables defined in
Table 1.

Standard
Variable Minimum Mean Maximum Deviation
Legacy effects
PostBA 8.7 19.0 354 7.3
BARED 7.0 37.2 74.2 18.2
PostQMD 16.0 333 514 8.6
PostCVDBH 9.9 19.5 36.9 6.1
PrePBAOT 0.0 15.1 44.4 10.0
PostPBAOT 0.0 4.1 284 7.6
AGE 18 47 76 15
PreS 1.0 5.2 10.0 2.0
PostS 1.0 1.7 6.0 1.2
Environmental effects
SI 22.9 32.1 39.0 3.5
SLP 1.0 30.7 61.0 14.1
TASP 0.00 1.56 2.0 0.49
ELEV 631 874 1,141 124

the fitted equations were considered informative if the 85% con-
fidence interval of their parameter estimate excluded zero
(Arnold 2010). Similar to the LASSO procedures, GLMs were
fitted using Z-scores of all variables, as this allowed us to deter-
mine the relative importance of each predictor variable
(Hu et al. 2018). Assumptions of normality and homogenous
variance were assessed visually, with density of both the small
and large seedling layers square-root transformed. Model per-
formance of GLMs was measured in terms of r%. A priori
hypotheses related to the influence of legacy and environmental
variables on characteristics of the woody understory are pre-
sented in Table S1.

Results

Across all plots, 38, 31, and 23 species were observed in the
small seedling, large seedling, and sapling layers, respectively
(Table 2). In the small seedling layer, the most frequently
observed species was Carya (94% of all plots) followed by Acer
rubrum (87%) and Quercus rubra (85%), with 3% of plots lack-
ing small seedlings. In the large seedling layer, 12% of plots
lacked seedlings, and A. rubrum (31%) was the most frequently
observed species followed by Carya and Fraxinus americana
(both 24%) and Q. rubra (19%). A total of 16% of plots lacked
saplings. In plots with saplings Betula lenta was the most
frequently documented species (31%) followed by A. rubrum
(19%) and Cornus florida (15%). Across size classes and plots,
species typical of old-growth cove forests were relatively sparse,
including Acer saccharum, Aesculus flava, and Fagus
grandifolia.

Density

Across plots, average tree regeneration density and associated
variability of the woody understory decreased as size class
increased (Fig. 1). The number and influence of legacy effects
included in final models describing density increased from the

small seedling to sapling layer. In the seedling layer, density
decreased as SLP increased, whereas the relationship between
density and PreS was positive (Table S2). In the sapling layer,
a combination of legacy and environmental factors described
20% of the variability in density (Table S4). SLP was the most
influential of the variables selected and had a negative relation-
ship with sapling density. Informative legacy effects included
PostQMD and PostPBAOT. As PostPBAOT increased, sapling
density increased, while the relationship with PostQMD was
negative. Although legacy effects were included in the final
models for large seedling density, model performance was low
(r* < 0.05; Table S3).

Richness

Species richness of the woody understory and associated vari-
ability decreased as size class increased, averaging 9.0, 3.2,
and 2.4 in the small seedling, large seedling, and sapling layers,
respectively (Fig. 1). Across size classes, legacy effects alone or
in combination with environmental variables were selected in
the models describing species richness, with variability
described by models ranging from 13% in the sapling layer to
19% in the small and large seedling layers (Tables S2—-S4). For
small seedlings, richness was best described by the negative
effect of TASP and positive effect of PrePBAOT (Table S2).
Similarly, PrePBAOT exerted a positive influence on richness
of the large seedling layer, while richness decreased as
PostQMD increased (Table S3). In the sapling layer, legacy
effects of PreS and PostQMD exhibited a positive and negative
relationship with richness, respectively (Table S4).

Functional Identity

Shade tolerance (CWMst) of the woody understory increased as
size class increased (Fig. 1). Across size classes, legacy effects
alone or in combination with environmental factors described
CWMst of the woody understory. Model performance for all
size classes was relatively high (+* > 0.25). For small seedlings,
the most parsimonious model contained only legacy effects,
with PostQMD having a negative influence on CWMst, while
the influence of PreS was positive (Table S2). CWMst of the
large seedling layer decreased as both SLP and PostQMD
increased (Table S3). In the sapling layer, the most parsimoni-
ous model demonstrated that SLP was, by far, the most impor-
tant variable affecting CWMst. Legacy effects, however,
were also included, with CWMst inversely related to AGE and
positively related to PrePBAOT (Table S4).

Across all plots, average CWMwsg was greater in the small
seedling than large seedling and sapling layers (Fig. 1).
Although legacy effects alone or in combination with environ-
mental factors were included in the final models describing
CWMwsg of the small and large seedling layers, model perfor-
mance was low (> < 0.08) (Tables S2 & S3). For saplings,
19% of variability in CWMwsg was explained by AGE and
SLP, both of which positively affected CWMwsg (Table S4).

Average CWMdsm was negatively related with size class,
while the variability in CWMdsm increased from the small
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Figure 1. Box plots displaying range of characteristics of the small seedling (stems <1.4 m), large seedling (stems >1.4 and <2.54 cm dbh), and sapling (stems
>2.54 and <12.7 cm dbh), including density (stems/ha, panel A), species richness (panel B), and community weighted mean shade tolerance (CWMst, panel C),
wood specific gravity (CWMwsg [g/cm?], panel D), dry seed mass (CWMdsm [log 10 mg], panel E), and height at maturity (CWMhgt (m), panel F). Values
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Figure 2. Number of destructively sampled stems by establishment date (years on x-axis represent mid-point year) (A) and age (B).

seedling to sapling layers (Fig. 1). Neither environmental nor
legacy effects were included in the models describing CWMdsm
of the small seedling layer (Table S2). Although model perfor-
mance was low (> = 0.10), TASP and PostQMD were included
as informative parameters in the final model describing
CWMdsm of the large seeding layer (Table S3). Model perfor-
mance for CWMdsm in the sapling layer was highest

(#* = 0.20), with CWMdsm best explained by a combination
of SI and AGE, which were positively and negatively related
to CWMdsm, respectively (Table S4).

Height at maturity (CWMhgt) averaged 20.3, 21.4, and
18.9 m in the small seedling, large seedling, and sapling layers,
respectively (Fig. 1). The most parsimonious model describing
CWMhgt of the small seedling layer (> = 0.26) contained only
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legacy effects (Table S2), while final models for the large seed-
ling (#* = 0.23) and sapling (+* = 0.28) layers contained both
legacy and environmental effects (Tables S3 & S4). For small
seedlings, CWMhgt decreased as PreS, PostCVDBH, and
AGE increased. For large seedlings and saplings, the most par-
simonious model demonstrated that ELEV, which was inversely
related to CWMhgt, was, by far, the most influential of the vari-
ables examined. Legacy effects considered informative included
PrePBAOT in the large seedling layer, which was positively
related to CWMhgt, and PreS in the sapling layer, which was
positively related to CWMhgt of the sapling layer.

Age Structure

Across all subplots, approximately 50% of all destructively sam-
pled individuals were 22 years old or younger (Fig. 2). The two
most recently established stems were L. tulipifera and Magnolia
fraseri, both 6 years old. The oldest individual was a
F. americana that was 51 years. Only eight species were older
than 30 years of age, including A. pensylvanicum, Aesculus
flava, B. lenta, Carya, F. americana, Helasia tetraptera,
Robinia pseudoacacia, and Tsuga canadensis. The most fre-
quently observed species in the greater than or equal to
30-year age class were F. americana (six individuals) and Carya
species (eight individuals).

Discussion

To identify potential restoration treatments that could
increase species diversity in previously managed L. tulipifera
monocultures, we quantified how both legacy and environmen-
tal variables affect the current structure, composition, and func-
tion of the woody regeneration layer. We found the woody
understory of these second-growth and previously thinned
L. tulipifera forests was well-developed and diverse, with 39 tree
species observed throughout the understory, with the small
seedling layer most diverse (38 species) followed by the large
seedling (32 species) and sapling (23 species) layers. The total
number of species present in the woody understory (stems
<12.7 cm dbh) second-growth pure L. tulipifera cove forests,
which was comprised of species from across the shade tolerance
spectrum, exceeded that in old-growth cove forests
(Busing 1994). In the large seedling and sapling layers, which
represent the individuals most likely to recruit following canopy
disturbance (Loftis 1990a), however, density and richness of spe-
cies that typically characterize cove forests (e.g. A. saccharum,
A. flava, F. grandifolia, Tilia heterophylla) was substantially
lower than in old-growth cove forests (Busing 1998).

Although information is sparse, in second-growth
L. tulipifera forests that lack a history of management, under-
stories are dominated by shade-tolerant species, such as
H. tetraptera, A. rubum, T. canadensis, and A. saccharum, all
of which were present in the large seedling and sapling layers
in the thinned L. tulipifera stands used in this study
(Lafon 2004). Interestingly, the large seedling and sapling
B. lenta and Carya that we documented, which are species
mid-tolerant of shade, are either less abundant or absent from

comparable unmanaged second-growth L. tulipifera forests
(Clebsch & Busing 1989; Lafon 2004). Establishment and
recruitment of B. lenta responds positively to canopy distur-
bance, with studies showing that once established, B. lenta can
survive long periods of suppression (Yanai et al. 1998; Royo
et al. 2019). Similarly, the limited amount of data available spe-
cific to Carya suggests seedling and sapling-sized Carya posi-
tively respond to thinning and can persist in the understory
>40 years (Lefland et al. 2018).

Modeling characteristics of the woody understory in deciduous
broadleaved forests have proven difficult given myriad factors that
influence seedling establishment and recruitment, including seed
production and dispersal coupled with seedbed conditions
(Willis et al. 2016), seed predation (Royo & Carson 2008), herbiv-
ory (Boerner & Brinkman 1996), climate (Fisichelli et al. 2014),
topographic and edaphic conditions (Frey et al. 2007), and compe-
tition (Knight et al. 2008). Although herbivory has long-lasting
effects on composition and structure of developing vegetation
(Royo & Carson 2022), Odocoileus virginianus density across
our study area averages <10 individuals/km® (North Carolina
Wildlife Resources Commission 2020), suggesting that at least
currently, browse pressure has is negligible. Model performance
varied from a low of * = 0.05 to * = 0.40, suggesting for many
of the understory metrics we examined, the limited number of leg-
acy effects and environmental variables we examined were not the
primary drivers of the woody understory structure, diversity, and
function. Despite the variability in model performance, we found
support for our hypothesis that past forest management activities,
which in the case of this study were thinning treatments that
removed between 7 and 74% of the pre-thinning basal area, still
influence the woody understory decades after the cessation of
management in L. tulipifera forests of the southeastern
United States. Contemporary structure and composition of these
L. tulipifera stands are related to the past thinning treatments, with
heavily thinned stands maintaining lower basal area than less
heavily thinned stands (Keyser 2010, 2012). For 14 of the
18 models developed, legacy effects were considered informative
and described the density, composition, and functional identity of
the small seedling, large seedling, and sapling size classes, with
the relative influence of legacy versus environmental effects vary-
ing by metric and size class.

Contrary to our expectation, post-thinning basal area (RBA)
and/or percent of basal area removed during thinning (BARED)
were not the primary legacy effects influencing the woody under-
story. Instead, legacy effects associated with species composition
of the overstory before and/or after thinning (PreS, PostS, Pre-
PBAOT, PostPBAOT) along with metrics that describe average
stem diameter after thinning (PostQMD), age at the time of thin-
ning (AGE), and variation in stem diameter after thinning
(PostCVDBH) were more influential than metrics associated with
RBA or BARED. Although surprising, absolute measures of den-
sity often have limited influence on attributes of the advance repro-
duction layer (Eerikidinen et al. 2007). For example, in mixed
Pinus-Quercus forests in Spain, the composition and density of
the seedling layer was independent of overstory density, with var-
iability best described by the percent of the overstory basal area
represented by Pinus species (Lopez-Marcos et al. 2020). In
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contrast, although 11 years post-thinning Dodson et al. (2014)
documented no differences in seedling (stems <1.4 m tall) density
among Pseudotsuga menziesii stands thinned to different
densities, sapling (stems 21.4 m and <5 cm dbh) density in
unthinned stands was lower than in stands thinned to moderate
(200 stems/ha) and low densities (100 stems/ha). Larsen
et al. (2007) demonstrated that although density and size distribu-
tion of advance reproduction decreased with increasing overstory
density in Quercus forests of the eastern United States, the magni-
tude of this trend varied, suggesting modeled relationships do not
reflect the range of density-size-species combinations possible.

For some of the attributes, including density, richness, and
CWMwsg of the small seedling layer, CWMseed and CWMhgt
of the large seedling layer, and density, CWMst, and CWMhgt
of the sapling layer, environmental variables were more influen-
tial than legacy effects. The influence of environmental variables
on the characteristics of the woody understory was generally as
expected. For example, as SLP increased, density of the small
seedling layer and CWMst of the large seedling layer decreased.
Similarly, ELEV, while only an informative parameter for a few
understory attributes, had an overall negative effect on variables
such as richness of the large seedling layer and CWMhgt of both
the large seedling and sapling layers. In mountainous areas, slope,
elevation, and aspect interact to influence various microlimate
variables, including light intensity, soil moisture, air temperature,
and evapotranspiration, all of which have been shown to influence
and exert control over structure and composition, including in the
forest understory (Small & McCarthy 2005).

The age structure of the regeneration layer suggests establish-
ment of sampled cove species occurred on a relatively continual
basis since the thinning. Of the 97 stems sampled, over 60%
established after 1990. Although we expected to see a pulse of
recruitment from the regeneration layer during the immediate
years following thinning due to the increase in growing space
and resources (e.g. light) that accompanies thinning, it is possi-
ble that the sampling method employed was insufficient at cap-
turing the establishment patterns immediately post-thinning, as
stems that established in the immediate years post-thinning
could have recruited into size classes beyond those sampled in
the regeneration layer (>12.7 cm dbh). The presence of older,
(230 year), mid-tolerant species, including Carya and
F. americana, suggests the understory light environment in
these monocultures that lack structural diversity could be suffi-
cient to facilitate the recruitment of cove hardwood species that
range from mid-tolerant to tolerant of shade.

From a restoration perspective, the characteristics of the large
seedling and sapling layers are most relevant, as they represent
the individuals likely to recruit into progressively higher canopy
positions following partial or complete overstory disturbance
unless management is conducted that reduces their abundance.
As species richness of the overstory increased, richness of the sap-
ling layer increased. This finding is consistent with studies that
demonstrate a positive relationship between overstory and under-
story diversity and underscore the importance of local seed source
availability for enhancing diversity in the woody understory of
monoculture forests (Willis et al. 2016; Kremer & Bauhus 2020).

For example, as the proportion of deciduous broadleaved species
increased in Picea plantations, the diversity of the lower canopy
stratum almost doubled (Jobidon et al. 2004). Similarly, Willis
et al. (2016) found interspecific differences in shade tolerance
was a poor predictor of seedling density in northern US broad-
leaved forests. Instead, the authors reported that proximity to seed
source was an important and significant predictor of presence and
abundance for both shade-tolerant (e.g. 7. canadensis) and shade
intolerant species (e.g. Prunus serotina).

Maintaining species diversity in the overstory after thinning
translated into increases in CWMhgt as well as CWMst in the
large seedling and/or sapling layers. In mixed-Quercus forests,
which are juxtaposed to L. tulipifera cove forests, canopies are a
mix of shade-intolerant and mid-tolerant species (Evans
et al. 2019). Frequent disturbances in mixed-Quercus forests,
including fire, historically limited the establishment and recruit-
ment of shade-tolerant species into canopy positions and main-
tained the mid-tolerant species composition (Nowacki &
Abrams 2008). In comparison, in old-growth cove forests,
shade-tolerant species are a primary component of the overstory
(Barden 1980), as fire was not a significant factor controlling spe-
cies composition and stand dynamics in cove forests (Flatley
et al. 2015). Maintaining species diversity in the overstory of these
L. tulipifera stands likely conserved seed sources for light-to-
heavy-seeded tree species, which, according to the age structure
of the advance reproduction pool, established continuously in
the understory of these thinned L. tulipifera stands, thereby con-
tributing to the composition and function of the woody understory.

Itis apparent from this study that conserving species diversity
and associated ecological memory as a key component of forest
management activities can have positive long-term effects on
composition and function of the woody understory and increase
restoration potential. Whether diversity of these thinned
L. tulipifera cove forests can be restored through future forest
management activities or whether these L. tulipifera monocul-
tures, due to past last use, represent an ecosystem state that is
an alternative to the diverse and complex reference cove condi-
tion is unknown (Webster et al. 2018). However, the diverse
woody understory (large seedling and sapling layers, in particu-
lar) suggests restoration of diversity through future commercial
and non-commercial forest management activities (e.g. variable
density thinning release treatments) or via natural stand pro-
cesses (e.g. gap-phase mortality) may be possible, as regenera-
tion in temperate deciduous broadleaved forests is largely
dependent on advance reproduction present prior to reductions
in overstory density (Vickers et al. 2019). If species currently
in the large seedling and sapling layers survive and develop fur-
ther, they will be poised to continue recruitment into canopy
positions following perturbation to the L. tulipifera canopy,
thereby restoring species and structural diversity, although
restoring all the desirable cove species appears unlikely given
their distribution across plots. From a silvicultural standpoint,
activities that promote the further development of desirable cove
species may be enhanced through activities that free growing
space around existing large seedlings and saplings. These activ-
ities could include targeted mechanical or chemical cleanings,
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crop-tree release, or the removal of subcanopy stems to increase
light availability in the forest understory (Loftis 1990b), all of
which are non-commercial treatments that confer an added cost
but may accelerate restoration of these monocultures.

In contrast, L. tulipifera stands without a sufficient density of
desirable cove species in the large seedling or sapling layers
may continue to exist as a monoculture (an alternate state),
as future gaps caused by natural processes or exogenous distur-
bance may be quickly colonized by seed-origin L. tulipifera
(Lafon 2004). In this scenario, the stand would remain dominated
by L. tulipifera, however, the resultant structure could be more
complex and, over time, possibly develop into a multi-aged forest
where L. tulipifera occupies substantial growing space across age
cohorts (Buckner & McCracken 1978). Although increasing spe-
cies diversity in L. tulipifera forests with a depauperate understory
may be unattainable, these stands could be managed for structural
diversity, including conducting forest management activities,
such as thinning, that are focused on accelerating the development
of old-growth structural characteristics and increasing resilience
to drought (Palik et al. 2020).

The design of this study falls short of the most robust and sta-
tistically rigorous before-after-control-impact experimental
design. Instead, this study is observational, as we did not have
quantitative information that described the advance reproduc-
tion pool before the thinning or throughout the time when the
understory would have been experiencing rapid changes in
response to the thinning. Consequently, the data we present rep-
resent a snap-shot in time and do not address temporal changes
in understory structure and composition that occurs regardless
of thinning or other treatments (Busing 1993). We also lack data
from adjacent unmanaged L. tulipifera stands of similar age and
site quality. As such, we are unable to assess or make conclu-
sions beyond the response of the woody understory to the range
of conditions created during the thinning treatments tested in
these particular study sites. These shortcomings in our design
confound the effects we attribute to thinning with temporal var-
iation in the woody understory. Extrapolation of results beyond
the study site and limited study design is not recommended.
Despite these limitations, our results may be used to develop
hypotheses related to restoring diversity to these as well as other
even-aged monocultures that can subsequently be tested using a
rigorous experimental design capable of making more definitive
conclusions and recommendations. The large sample size
(n = 67) and range of conditions incorporated into the study sug-
gest results are likely robust, even if just point-in-time descrip-
tions, and provide information that is absent from the literature
regarding the long-term influence that past management has on
contemporary structure, composition, and function and resultant
restoration potential of these L. tulipifera forests. Despite almost
60 years of recovery, forest stands used in this study appear to
continue to be impacted by previous management activities.
Research conducted in previously managed forests should con-
sider the need to account for the role that legacy effects may
have on results, especially from manipulative studies, where
the vegetation response could be confounded by past manage-
ment and land use even after a seemingly long period without
disturbance.
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