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ABSTRACT

Oak (Quercus) dominance in undisturbed eastern hardwood forests is declining as shade-tolerant species (e.g., red
maple; Acer rubrum) gradually replace them (termed “mesophication”), especially on mesic sites. In contrast,
compositional change can be accelerated after regeneration harvests as regeneration responds to overstory
removal. We evaluated the tree and sapling strata over 17 years in mesic, mature cove hardwood (CHM) and
subxeric upland hardwood (UHM) forests, and young cove hardwood and upland hardwood stands created by
shelterwood-with-reserves harvests (CHSW and UHSW) to assess whether compositional shifts were evident or
likely over time. In SWs, saplings comprised the dominant canopy. Compositional differences between the tree
and sapling strata in mature forests suggested that CHM will become less “mesophytic” as red maple (a wide-
spread generalist) replaces oak and yellow-poplar (L. tulipifera; a mesophyte) as overstory dominants in the
gradual process of forest turnover; UHM will become more “xerophytic-generalist” as red maple and xerophytes
(blackgum (Nyssa sylvatica), sourwood (Oxydendrum arboreum) replace oak trees. In contrast, differences between
the sapling strata in SWs and the overstory strata in mature forest controls showed that both mesic (CHSW) and
subxeric (UHSW) forest types rapidly transitioned to a “mesophytic-generalist” composition as red maple and
mesophytes (yellow-poplar, sweet birch (Betula lenta)) quickly dominated the canopy. Interspecific competition
may continue to alter successional trajectories as SW stands develop. Our study illustrates strikingly different
pathways, rates, and outcomes for shifting species dominance among undisturbed mature and post-harvest
stands on mesic and subxeric sites and suggests that changes do not always imply increases in mesophytic
species, or “mesophication”.

1. Introduction

In the southern Appalachian Mountains,

and Fraser magnolia (M. fraseri), black cherry (Prunus serotina), silver-
bell (Halesia carolina), and eastern hemlock (Tsuga canadensis) are

complex topographic gra- characteristic of cove hardwood forests associated with mesic, topo-

dients including aspect, elevation, and landform (site concavity or
convexity) affect temperature and radiation, soils, and moisture at
highly local scales (Wyatt and Silman, 2010) that in turn provide con-
ditions for different forest species and assemblages (“forest types”)
across the landscape (e.g., Whittaker, 1956). Tree species composition
differs somewhat across a gradient from lower quality xeric sites to
higher quality mesic sites due to interspecific differences in “functional
traits” including tolerance to drought, temperature, shade, and distur-
bances such as fire (e.g., Whittaker, 1956; Nowacki and Abrams, 2008;
Woodbridge et al., 2022). For example, yellow-poplar (Liriodendron
tulipifera), northern red oak (Quercus rubra), sweet birch (Betula lenta),
striped maple Acer pensylvanicum), white ash (Fraxinus americana),
American beech (Fagus grandifolia), cucumber- (Magnolia acuminata)
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graphically sheltered (concave) landscapes or north-facing slopes; these
species are all considered “mesophytic” because they are strongly
associated with mesic sites, despite differences in their tolerance to
shade and fire. In contrast, chestnut oak (Q. montana), scarlet oak
(Q. coccinea), black oak (Q. velutina), sourwood (Oxydendrum arboreum),
pignut hickory (Carya glabra), mockernut hickory (C. tomentosa), and
blackgum (Nyssa sylvatica) are characteristic of upland hardwood forests
associated with subxeric, lower site quality on south or west-facing
slopes and flat or convex landscape positions. Red maple (A. rubrum)
in particular is common across the moisture gradient (e.g., Whittaker,
1956; Burns and Honkala, 1990; McNab, 2011) and can act as both an
early and late successional species (Abrams, 1998). These attributes
suggest that red maple is not a “mesophytic” (moisture-limited) species
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but instead a generalist that, in the absence of limiting factors such as
frequent fire, is capable of thriving across a wide range light availability
and edaphic conditions.

Natural disturbances (e.g., single-tree mortality, wind, ice, insect
pests, lightning-ignited wildfire) that vary in frequency, scale, and
severity, also affect forest dynamics (Greenberg et al., 2016). Addi-
tionally, humans have influenced southern Appalachian forests for
thousands of years. Native Americans and (by the 1800’s),
Euro-American settlers used frequent (estimated at 2-3 year intervals)
fire to maintain more open forests on drier sites across much of the
landscape; mesophytic coves burned much less frequently (Lafon et al.,
2017; Arthur et al., 2021). In the southern Appalachians, a very low
ratio of lightning- to human-ignited wildfires indicates that wildfire is
(Greenberg et al., 2021), and historically was (Greenberg et al., 2016;
Arthur et al., 2021) rare, and most fires were human-ignited. Frequent
fires altered species composition by killing smaller stems of fire-sensitive
tree species such as red maple; increased light and reduced litter depth
also promoted oak and yellow pine (Pinus) regeneration and growth
(Grissino-Mayer, 2016; Arthur et al., 2021). Other anthropogenic dis-
turbances included land clearing for agriculture, farming practices that
eroded soil, free-range livetock grazing, and the functional extinction of
the American chestnut (Castanea dentata) by a non-native fungus (Cry-
phonectria parasitica) by the mid-20th century (Elliott and Swank, 2008;
Faison and Foster, 2014; Greenberg et al., 2016). Perhaps most notably,
the southern Appalachians were heavily logged in the late 19th and
early 20th centuries (Pyle, 1988); dry slash piles and sparks from rail-
road log trains caused frequent post-logging wildfires (Lafon et al.,
2017). Today’s mature (>100 year old) oak-dominated forests across
much of the southern Appalachians were established following this
exploitative logging and prior to fire exclusion policies beginning in the
1930s (Lorimer, 1993; Hutchinson et al., 2005).

Abundant research suggests that the species composition of some
relatively undisturbed eastern hardwood forests is undergoing a slow
transition from dominance by intermediate, fire-tolerant species such as
oak and hickory, to shade-tolerant, fire-intolerant species such as red
maple (Nowacki and Abrams, 2008; Fei et al., 2011; Chapman and
McEwan, 2016; Knott et al., 2019). This process, termed “meso-
phication” (Nowacki and Abrams, 2008) may be more prominent on
higher quality mesic sites where red maples are recruited more strongly
than on xeric sites where oak recruitment is stronger (Hilt, 1985; McE-
wan et al., 2005; Fei and Steiner, 2008; Kabrick et al., 2014; Chapman
and McEwan, 2016), but inconsistent results among studies (Chapman
and McEwan, 2016; Palus et al., 2018; Dyer and Hutchinson, 2019)
indicate that local biotic and abiotic factors modify its rate and severity
(Woodbridge et al., 2022).

In mature eastern hardwood forests, mesophication began decades
ago, likely in part due to fire exclusion policies that favored develop-
ment of shade-tolerant species in the low-light understory (e.g., Lorimer,
1984; Abrams, 1992, 1998; Hutchinson et al., 2005; Nowacki and
Abrams, 2008). In turn, heavy shade cast by a denser midstory sup-
presses oak regeneration, as it requires 20-30 % full sunlight
(Gottschalk, 1994) to develop into sapling-sized advance regeneration —
a prerequisite for successfully competing with faster-growing species
such as yellow-poplar after their release by overstory reduction
(Johnson et al., 2009). Thus, oak seedlings may be abundant within a
forest understory but are nonetheless undergoing regeneration failure
(e.g., Lorimer, 1993; Hutchinson et al., 2005; Nowacki and Abrams,
2008; Schweitzer and Dey, 2011; Palus et al., 2018) as they fail to attain
a canopy position and are gradually replaced by shade-tolerant, non-oak
species in the natural process of forest turnover (Beasley et al., 2022).
The loss of overstory oak is concerning to forest managers and ecologists
due to its commercial timber value, and food value of their protein-rich
seed — acorns — to wildlife (Brooke et al., 2019).

Shifts in species’ dominance and forest composition can be acceler-
ated after regeneration harvests (e.g., treatments that create a new age
class, such as shelterwood, clearcut, or group selection) where heavy
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overstory removal dramatically increases light at the forest floor. Har-
vests initiate rapid increases in woody stem density as seedlings
germinate and harvested tree stumps resprout. This forest structure is
short-lived as young stands progress from the stem initiation into the
stem exclusion stages of stand development (Oliver and Larson, 1996;
Johnson et al., 2009; Loftis et al., 2011). Young tree sprouts and seed-
lings gain height and girth, with the newly regenerated strata of saplings
often reaching canopy closure with concomitant reductions in light and
stem densities within 15 years (Loftis et al., 2011). Whereas these har-
vest methods can regenerate fully stocked stands of commercial tree
species, composition of the developing overstory can rapidly transition
from oak and hickory, to faster-growing shade-intolerant early succes-
sional species such as yellow-poplar, sweet birch, black cherry, and
black locust (Robinia pseudoacacia) as well as shade-tolerant species such
as red maple, and sugar maple (A. saccharum) (Trimble, 1973; Tift and
Fajvan, 1999; Nyland et al., 2006; Shure et al., 2006; Vickers and Fox,
2015; Ryan et al., 2024). This can be especially problematic in mesic,
cove hardwood forests on higher-quality sites where these species may
be more abundant, hence providing onsite sources of regeneration by
seed rain, seed bank, and stump sprouting (Keyser et al., 2012; Keyser
and Zarnoch, 2014).

In this study, we evaluated dynamic temporal changes in forest
structure and species composition of trees (>12.7 cm diameter at breast
height (dbh)) and saplings (2.54-12.6 cm dbh) in recently harvested 2-
aged stands created by shelterwood-with-reserves regeneration harvests
(termed "shelterwood") and undisturbed mature stands of cove- and
upland hardwood forest types over a 17-year period. We focused on the
tree and sapling size classes to assess whether shifts in species domi-
nance (based on importance values) were evident or likely to occur over
time in mature and (or) recently harvested cove- and upland hardwood
forests. We hypothesized that (1) shifts in overstory species dominance
would be negligible in mature forests, but low oak regeneration (sap-
lings) and increasing, or abundant regeneration of other species would
suggest that future forests will be dominated by non-oak species, and;
(2) shelterwood harvests in cove- and upland hardwood forest types
would promote rapid shifts in species’ dominance compared to the
overstories (trees) of their mature forest type counterparts, as regener-
ation (saplings of stump sprout and seedling origin) of fast growing,
shade-intolerant or generalist species responded to increased light.

2. Methods
2.1. Study area

Our study was conducted in the Pisgah and Grandfather ranger dis-
tricts of the Pisgah National Forest in Buncombe, Haywood, McDowell,
and Transylvania counties, North Carolina, USA (Fig. 1). Study sites
were located across a wide range of topographic conditions including
aspect, slope position, and percent slope; elevations ranged
500-1200 m. Average annual rainfall in the region (Asheville area,
2000-2016) was 119 cm (ranged 85-191 cm) (NOAA National Weather
Service). Soils were predominantly Dystrochrepts and Hapludults
(pittillo et al., 1998). Mature forest age was 80-100 years at study
establishment.

2.2. Study design

We selected 31 stands of two forest types (upland hardwood (UH)
and cove hardwood (CH)) and two age classes (shelterwood harvests
(SW) and relatively undisturbed mature forest controls (M)) in a 2 x 2
factorial design, for a total of four treatments: upland hardwood shel-
terwood harvests (UHSW; n = 9) and mature forest controls (UHM;
n = 8), and; cove hardwood shelterwood harvests (CHSW; n = 6) and
mature forest controls (CHM; n = 8). Forest types (cove [type 56] or
upland hardwood [type 53]) were determined by the United States
Forest Service (USFS; Southern Region Silvicultural Examination and
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Fig. 1. Mean density and BA of trees (>12.7 cm dbh) and saplings (2.54-12.6 cm dbh) in mature cove- (n = 8) and upland hardwood (n = 8) forests, and young
cove- (n = 6) and upland hardwood (n = 9) shelterwood harvests (harvested ca. 1999) 5 and 17 years post-harvest, Pisgah National Forest, Buncombe, Haywood,

McDowell, and Transylvania counties, North Carolina.

Prescription Field Book, for Continuous Inventory of Stand Conditions
version 4.02, unpublished report) based on pre-harvest tree species
composition at the stand level. Whereas this method may not reflect
within-stand variability in topography and site quality, it is simple and
more practical than sampling-intensive or statistically complex
methods. Additionally, it is widely used to categorize forest types,
making our results more accessible and useful to forest managers. We
selected SW study sites based on availability of stands that met our age
class and forest type criteria. Mature and SW stands were not paired, but
we attempted to locate them within the same general areas to minimize
variability due to location or topography. We assumed that prior to
harvests, CHSW stands were similar to CHM, and UHSW stands were
similar to UHM in species composition and productivity, and that if CHM
or UHM stands were harvested, they would regenerate similarly to
CHSW and UHSW, respectively (Vickers and Fox, 2015).

Shelterwood harvests were conducted during 1998-1999 using a
shelterwood-with-reserves regeneration method. About 15-20 % of the
original mature tree basal area (BA) - mostly scattered oaks and hicko-
ries — was retained in both forest types to create a heterogeneous stand
structure and maintain hard mast (acorns and hickory nuts) production
for wildlife while facilitating the initiation and development of tree
regeneration. Shelterwood stands averaged 7.0 ha (range 3.2-10.5 ha)
in size and were generally the same age as M stands when they were
harvested. US Forest Service personnel conducted standard site-
preparation treatments in regenerated stands within a year of harvest-
ing by cutting all stems 2.5-20 cm dbh (Pisgah district) or 5-25 cm dbh

(Grandfather district) and > 1.4 m tall. The harvested tree stump sur-
faces of red maple, flowering dogwood, silverbell, sourwood, yellow
poplar, sassafras (Sassafras albidum), black locust, Fraser magnolia, and
blackgum, as well as rhododendron (Rhododendron spp.), and mountain
laurel (Kalmia latifolia) were treated with herbicide (Garlon 3 A, 50-50
mix; Dow AgroSciences, Indianapolis, IN) to reduce sprouting.

2.3. Forest structure and composition measurements

We quantified density and BA of trees (>12.7 cm dbh) and saplings
(2.54-12.6 cm dbh) in Y5 and Y17 post-harvest for all tree species
within a 20 x 50 m (0.1 ha) plot randomly placed within each study
stand. Individuals (defined as single stems or the largest-dbh stem within
a cluster of stump sprouts) were counted by species in four size classes:
Class 1 = stem < 2.54 cm diameter and > 0.5 m height (not evaluated
here); Class 2 = 2.54-7.5 cm dbh; Class 3 = 7.6-12.6 cm dbh, and Class
4 >12.7 cm dbh. Stump sprouts were tallied by size class for < 30
randomly selected subset of individuals per species within each plot.
Stump sprout count subsamples — especially when partitioned by species
and size class — was often low within plots, so we pooled them across
plots within each treatment for each year and applied the average
number of sprouts to the number of individuals with sprouts (by species
and size class) per plot, by treatment. The dbh of trees (> 12.7 cm dbh)
was measured in Y5 and Y17 and used to calculate BA. Sapling BA was
calculated using the dbh midpoint of size class 2 or 3 dbh ranges,
respectively.
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2.4. Data analysis

We used repeated measures 2-way ANOVAs (PROC MIXED; SAS 9.3)
in a completely randomized design with compound symmetry covari-
ance structure to compare species richness, diversity, and evenness, total
stem density (number/ha) and total BA (mz/ha) of saplings
(2.54-12.6 cm dbh) and (separately) trees (>12.7 cm) among UHSW,
UHM, CHSW, and CHM over the 17 years following harvests in SW. We
focused on changes in importance values (IV) of sapling and tree species
as indicators of shifts in species dominance within and among treat-
ments. We calculated IVs for saplings and trees of each species as relative
density (%) + relative BA (%)/2. We used 2-way ANOVAs to analyze IVs
for individual species if either saplings, trees, or both occurred in > 6
plots and IV averaged > 15 in at least one treatment and year, for a total
of 8 focal species (or genera; Quercus). We calculated species diversity
(H) (Shannon, 1948) based on species richness and BA, which better
reflects the level of site occupancy than density (McMinn, 1992). In all
ANOVAs we considered treatment, year, and their interaction to be fixed
effects, and plot (the replicate unit; 31 total) to be a random effect and
the repeated subject factor. Our primary interest was in treatment ef-
fects, or treatment x year interaction effects as indicators that sapling or
tree communities or species were responding differently among the four
treatments over time; a non-significant treatment x year interaction
indicated that the impact of treatment did not significantly change over
our 17-year study period. Where significant treatment x year in-
teractions were present, we identified treatments or years warranting
further examination (p <0.05 in tests of effect slices) and used the least
square means for partitioned F-tests (SLICE option) in PROC MIXED
(SAS 9.4) to examine the significance of treatment differences within
identified years or differences among years within identified treatments.
Treatment, year, or treatment x year interaction differences were
considered significant with an overall experimental o of < 0.05.

Plot-level community composition was evaluated and results were
visualized using non-metric multidimensional scaling ordination (NMS)
based on IVs. NMS was performed using the metaMDS function in the
vegan package in R (Oksanen et al., 2015). To select dimensionality,
stress values from two, three, four, and five dimensional solutions were
compared. MetaMDS uses an iterative approach with random starts and
transforms data with large ranges using square root and Wisconsin
double standardization. The final solution minimizes stress and is
rotated so that the first axis explains the most variance. We initiated 250
independent runs (Peck, 2016). Compositional differences were evalu-
ated across harvest type (SW and M), forest type (CH and UH), strata
(saplings and trees), and year (Y5 and Y17), including all two-way in-
teractions. The NMS was run at the species level (all Quercus species
were included individually). To aid in interpretation and better illustrate
the effects of treatment and time on species composition, we addition-
ally added species codes for the 7 focal species meeting our criteria (see
Section 2.4) and the averaged species code for all Quercus species
combined (“QUERCUS”) to the NMS figures.

Significant differences in composition, based on the IVs of all species
sampled, was evaluated using distance-based multivariate analysis of
variance (perMANOVA) in the R package vegan, blocked by plot to ac-
count for repeated sampling (Oksanen et al., 2015; R Development R
Core Team, 2025). The test statistic is the pseudo F-ratio, where a large
value indicates that plots within different age classes (M or SW) or forest
types (CH or UH) (categories) differ in their species composition (i.e.,
plots within one category are closer to one another in multivariate space
than they are to plots in another category). Interactions that were not
significant (p < 0.05) were removed from the final model. PerMANOVA
is less sensitive to dispersion effects than other similar tests (Anderson
and Walsh, 2013), but may still confound location and dispersion ef-
fects. In other words, significant differences may be caused by differ-
ences in within-category variation (dispersion), differences in mean
values of the categories, or both (Anderson, 2001). We calculated
average dispersion values (average distances to category centroids)
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within our categories using the betadisper function in the R package
vegan and used diagnostic plots to evaluate dispersion vs. location ef-
fects when dispersion was significantly different based on Tukey’s
Honest Significant Differences (Anderson et al., 2006).

3. Results
3.1. Forest structure and community composition

Tree density was greater in both M than SW treatments, and greater
in UHM than CHM (Fig. 1). A treatment x year interaction effect indi-
cated that tree density increased over time within both SW treatments as
saplings grew into the tree size class. By Y17 tree density remained
greater in UHM than CHM and UHSW and was additionally greater in
CHSW than UHSW. Tree BA was also greater in both M than SW treat-
ments; tree BA increased over time within UHM, CHSW, and UHSW but
remained greater in both M than both SW treatments in Y17. Sapling
density and BA were greater in both SW than both M treatments (Fig. 1).
Initially (Y5), sapling density was greater in CHSW than UHSW but
increased over time in UHSW, and by Y17 no differences between the
SW treatments were detected. Sapling BA was greater in both SW than M
treatments and increased over time; in Y5 it was greater in both SW
treatments than CHM, and greater in CHSW than UHM; by Y17 it was
greater in CHSW and UHSW than CHM and UHM (Fig. 1).

We recorded a total of 38 species in our study, including 30 tree- and
37 sapling species (Appendix, Table A1). ANOVAs indicated that both
tree species richness and diversity were greater in CHM and UHM than
CHSW and UHSW but increased over time within both SW treatments as
saplings grew into the tree size class; by Y17 no differences were
detected among treatments (Fig. 2). Sapling species richness was greater
in both SW than both M treatments. Sapling richness increased slightly
over time within CHM, and substantially in UHSW, as small stump
sprouts and seedlings of multiple species grew into the sapling size class;
by Y17 sapling richness was greatest in UHSW (Fig. 2). Sapling species
diversity was greater in UHSW than in M of either forest type but did not
change over time (Fig. 2). Species evenness of both trees and saplings did
not differ among treatments and no treatment x year interaction effects
were detected (Fig. 2). NMS showed that community composition (e.g.,
the species makeup of the community, based on IVs that account for
density and BA) varied by strata (tree and sapling), forest type (CH
versus UH), harvest type (SW versus M), and, to a lesser extent, year
(Table 1; Fig. 3).

3.2. Trees

NMS illustrated that the initial (Y5) composition of the tree
(>12.7 cm dbh) strata in both SW treatments (where trees were mostly
residual oaks selected for retention during harvests) was similar to their
M forest type counterparts (CHM and UHM, respectively) but more
variable, especially in CHSW (Fig. 3a). Notable changes in the tree
composition of both SW treatments were evident between Y5 and Y17,
including decreased variability and a shift away from oak in CHSW, and
a shift in UHSW away from UHM and towards the CHM composition
over time (Fig. 3a,b). In CHM, the tree stratum was dominated by oak
(mainly northern red oak), yellow-poplar, and red maple throughout the
study period (Fig. 3a,b); eastern hemlock was also moderately important
(IV=14) in Y5, but most were dead by Y17 due to infestation by the
hemlock wooly adelgid (Adelges tsugae; Appendix, Table Al; Fig. 4). In
UHM the tree stratum was dominated by oak (mainly chestnut oak) and
red maple in both Y5 and Y17; sourwood was also moderately impor-
tant. In SWs, the tree strata were initially (Y5) composed primarily of
residual trees that were intentionally retained during harvests. In CHSW
oak (mainly northern red oak) was the dominant tree species in Y5;
hickory and red maple were moderately important. In UHSW oak
(mainly white- and chestnut oak) and red maple were the dominant tree
species in Y5 (Appendix, Table A1; Fig. 4). In both SW treatments, shifts
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Fig. 2. Mean (+SE) species richness, and diversity (H’) (based on BA) and evenness of trees (>12.7 cm dbh) and saplings (2.54-12.6 cm dbh) in mature cove- (n = 8)
and upland hardwood (n = 8) forests, and young cove- (n = 6) and upland hardwood (n = 9) shelterwood harvests (harvested ca. 1999) 5 and 17 years post-harvest,
Pisgah National Forest, Buncombe, Haywood, McDowell, and Transylvania counties, North Carolina.

in tree IVs were evident for some species by Y17 (Appendix Table Al;
Fig. 4). Oak tree IV decreased between Y5 (Fig. 3a) and Y17 (Fig. 3b) in
both SW treatments (from 41.9 to 13.6 in CHSW; from 44.4 to 27.6 in
UHSW) as oak saplings failed to recruit into the tree size class whereas
saplings of some other species did. In Y5 oak tree IV was greater in UHM
and UHSW than CHM; by Y17 it was greater in UHM than CHSW and
UHSW. Yellow-poplar tree IV increased substantially over time in both

SW treatments (from 7.1 to 32.2 in CHSW; from 7.6 to 20.7 in UHSW);
by Y17 yellow-poplar tree IV remained lower in UHM than all other
treatments but did not differ among CHSW, UHSW and CHM. Red maple
tree IV ranged from 11.9 to 23.6 across treatments and years but did not
differ among them, and no treatment x year interaction effects were
detected (Appendix Table Al; Fig. 4).
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Table 1

Tree (>12.7 cm dbh) and sapling (2.54-12.6 cm dbh; “Strata”) community
composition within shelterwood harvests (harvested ca. 1999) and mature for-
ests (“Harvest type”) of cove- or upland hardwood forest types (“Forest type™) 5-
and 17 years post-harvest (“Year”), Pisgah National Forest, Buncombe, Hay-
wood, McDowell, and Transylvania counties, North Carolina. The table shows
the effects of the individual drivers of species composition from perMANOVA
based on Bray-Curtis distances of species importance values.

df Sum of Sgs  R? F p-value
Harvest type 1 1.339 0.03878 6.3556 < 0.001
Forest type 1 2.786 0.08069  13.2257 < 0.001
Strata 1 3.178 0.09205  15.0872 < 0.001
Year 1 0.327 0.00948 1.5533 0.026
Harvest type: Forest type 1 0.595 0.01723 2.8240 < 0.001
Harvest type: Strata 1 1.303 0.03774 6.1852 < 0.001
Forest type: Strata 1 0.562 0.01627 2.6664 < 0.001
Harvest type: Year 1 0.273 0.00792 1.3011 0.059
Residual 115  24.164 0.69984
Total 123 34.528 1.00000

3.3. Saplings

NMS illustrated that sapling composition changed little over time in
both M forest types (CHM and UHM), with only a slight convergence
between Y5 and Y17 (Fig. 3c,d). In CHM the sapling stratum was
dominated by red maple and eastern hemlock; red maple sapling IV did
not change, but hemlock sapling IV decreased over time, (Appendix
Table Al; Fig. 4). In UHM the sapling stratum was dominated by red
maple, blackgum, and (moderately) sourwood; no changes in IVs be-
tween Y5 and Y17 were detected. Notably, oak and yellow-poplar
sapling IVs were negligible in both CHM and UHM and did not change
over time. In contrast to M, sapling composition in SW treatments was
slightly more dynamic (Fig. 3c,d); especially notable was the increased
difference in composition between UHSW and UHM over time (Fig. 3c,
d). Initially, (Y5) saplings were dominated by red maple, yellow-poplar,
and silverbell in CHSW, and by red maple and sourwood in UHSW
(Appendix Table Al; Fig. 4). Yellow-poplar sapling IV was greater in
CHSW and UHSW than CHM and UHM; within UHSW it increased be-
tween Y5 and Y17 (from 7.8 to 14.4). Sweet birch sapling IV was also
greater in CHSW and UHSW than CHM and UHM; it increased in both
SW treatments between Y5 and Y17 (from 8.5 to 20.5 in CHSW; from
11.7 to 22.0 in UHSW), and by Y17 it was greater in both SW treatments
than M of either forest type (also see Fig. 3d). Blackgum sapling IV was
greater in UHM than CHM and CHSW, and IV did not change over time
in any treatment. Sourwood sapling IV was greater in UHM and UHSW
than CHM and CHSW; within UHSW IV decreased between Y5 and Y17,
and by Y17 IV was greater in UHM than CHM and CHSW, and greater in
UHSW than CHSW. Oak sapling IV was negligible in all treatments (0.0 —
6.9 across all treatments and years) but nonetheless was greater in
CHSW and UHSW than CHM and UHM and did not change over time.
Red maple and silverbell sapling IV did not differ among treatments or
change over time in any treatment (Appendix Table A1; Fig. 4).

3.4. Visualizing successional trajectories in mature forests and
shelterwoods

NMS indicated that within both M forest types (CHM and UHM) the
composition of saplings differed from the composition of trees (Table 1;
Fig. 5). Overall, the sapling composition in both CHM and UHM was
more similar to the tree composition in CHM compared to UHM, and this
difference slightly increased over time (Fig. 5; also see Fig. 4). Sapling
composition in mature forests showed decreased importance of oak over
time compared to the overstory composition, particularly in UHM. In
CHM, oaks were consistently less important in the sapling strata
compared to the tree strata (Fig. 5). In SWs, saplings were the dominant
strata and were likely better indicators of the potential future mature
forest overstory than the few remaining, intentionally-selected residual
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mature trees. NMS showed that the species composition of saplings in
both CHSW and UHSW differed substantially from the overstory (tree)
composition in both CHM and UHM throughout the 17-year study
period, and differences increased over time (Fig. 6; also see Fig. 4).
Notably, the species composition of saplings in UHSW was more similar
to the overstory (trees) composition in CHM than UHM, likely driven in
part by large increases in yellow-poplar saplings in UHSW over time
(Fig. 6).

4. Discussion

Our long-term study allowed us to examine how forest structure,
species composition, and the relative importance of trees and regener-
ation (saplings) differed, or changed over time, within and among un-
disturbed mature- and recently harvested cove- and upland hardwood
forest types. Changes in the structure of both mature forest types (CHM
and UHM) were few and relatively minor over the 17-year study period.
Total BA increased slightly in UHM but not in CHM stands, likely due to
offsets in growth by heavy mortality of eastern hemlock trees associated
with hemlock wooly adelgid. Total density and BA of saplings in both M
forest types, where closed canopies cast heavy shade, showed no change
over the 17-year study period. In contrast, forest structure in SWs was
highly dynamic and differed substantially from M stands. Most overstory
trees were removed during harvests; increased post-harvest light initi-
ated rapid increases in sapling densities as seedlings germinated and
harvested tree stumps resprouted, rapidly gaining height and girth as
young stands progressed from the stem initiation into the stem exclusion
stages of forest stand development (Oliver and Larson, 1996; Johnson
et al., 2009; Loftis et al., 2011). In our study, sapling densities — largely
driven by yellow-poplar — increased more rapidly in mesic (CHSW) than
subxeric (UHSW) SWs, but by year 17 post-harvest no differences were
evident. Few studies compare post-harvest stand structure across mois-
ture gradients, but some suggest that initially, density of post-harvest
regeneration is greater on higher- than lower-quality sites (Johnson
et al., 1998).

Many studies (e.g., Lorimer, 1993; Hutchinson et al., 2005; Nowacki
and Abrams, 2008; Schweitzer and Dey, 2011; Palus et al., 2018) show a
widespread failure of oak to successfully regenerate in undisturbed
mature hardwood forests; small seedlings may be present, or even
abundant, but heavy shade inhibits their growth and likelihood of
eventually attaining a canopy position (Loftis et al., 2011). Additionally,
abundant research indicates that red maple and other shade-tolerant,
fire-intolerant species are gradually increasing in hardwood forest un-
derstories, creating dense shade that further suppresses the development
of oak regeneration. Some studies indicate that mesic sites are more
susceptible than drier sites to “mesophication” and oak regeneration
failure (McEwan et al., 2005; Fei and Steiner, 2008; Nowacki and
Abrams, 2008; Kabrick et al., 2014; Chapman and McEwan, 2016;
Arthur et al., 2021; but see Palus et al., 2018).

We found large compositional differences between the tree and
sapling strata within both cove- and upland hardwood M treatments.
Most notably, oak was dominant in the tree strata, but virtually absent in
the sapling strata of both mesic (CHM) and subxeric (UHM) forest types;
additionally, yellow-poplar was dominant in the overstory of CHM but
sapling IV was negligible. Initially (Y5) eastern hemlock was moderately
important in the overstory of CHM and an important component of the
sapling strata, but IVs in both strata decreased over time - likely due to
hemlock wooly adelgid infestation — and saplings seem unlikely to grow
into the tree strata. Regeneration (saplings) in both mature forest types
was dominated by red maple; in UHM blackgum and (moderately)
sourwood were additionally important. Although the importance of
these shade-tolerant sapling species did not increase over time, they
were nonetheless poised to replace overstory oaks and other species as
they senesce and die over time. Our results additionally indicate that oak
regeneration failure was apparent in both mature forest types (CHM and
UHM) throughout the 17-year study period. Compositional differences
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counties, North Carolina. The figure visualizes differences in composition through time from nonmetric multidimensional scaling ordination based on Bray-Curtis
distances of species importance values. In other words, stands closer to one another are more similar in composition than stands that are farther apart. Species
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between the tree and sapling strata within M forest types suggest that, if
left undisturbed, overstory oak-yellow-poplar dominance in CHM will
gradually transition toward dominance by red maple, and oak domi-
nance in UHM will transition toward dominance by red maple, black-
gum, and sourwood.

In sharp contrast to the apparent slow successional trajectory from
oak to red maple and other shade-tolerant species in undisturbed mature
forests, our study showed a rapid post-harvest shift in species dominance
in both mesic (CHSW) and subxeric (UHSW) SWs as the regeneration
strata (stump sprouts and seedlings) responded to overstory removal. In
SWs of both forest types this transition was driven by rapid increases in
mesophytic shade-intolerant (Burns and Honkala, 1990) yellow-poplar

and sweet birch saplings, and an abundance of shade-tolerant red
maple; whereas SW harvests did not promote the expansion of red maple
(e.g., Fei and Steiner, 2008; but see Vickers and Fox, 2015) relative to
mature stands, our results suggest that it will nonetheless remain
dominant as young SW forests mature. Shifts in the relative importance
of species in SWs were also evident in the tree strata by 17 years after
harvests. Because many mature oak trees were retained during SW
harvests their relative importance did not initially (Y5) differ among
treatments. However, oak tree importance (a relative metric) decreased
substantially over time in both CHSW and UHSW as saplings of other
species — especially yellow-poplar — grew into the tree size class.

In our study, oak sapling IVs were greater in both SW than M
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Fig. 4. Mean (+SE) importance value (IV) of dominant tree (>>12.7 cm dbh) and sapling (2.54-12.6 cm dbh species in mature cove- (n = 8) and upland hardwood
(n = 8) forests, and young cove- (n = 6) and upland hardwood (n = 9) shelterwood harvests (harvested ca. 1999) 5 and 17 years post-harvest, and results of repeated
measures mixed-model ANOVAs comparing treatments and treatment x year interactions, Pisgah National Forest, Buncombe, Haywood, McDowell, and Transylvania
counties, North Carolina. Species were included if saplings, trees, or both occurred in > 6 plots with an average IV > 15 in any treatment and year.

treatments but were nonetheless very low. This was likely due to a relatively few oak stumps as potential sources of regeneration. In
paucity of in situ oak saplings prior to harvests (as in both M treatments), contrast, the clearcut regeneration method, whereby all trees, including
as well as a dearth of stump sprout regeneration. Many oak trees were oak are harvested, can promote heavy stump sprouting by oaks, along
intentionally, preferentially retained during SW harvests, resulting in with other species (Cook et al., 1998; Johnson et al., 2009; Vickers and
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Fox, 2015). Thus, oak regeneration could potentially be enhanced, at
least initially, by stump sprouting if more mature oak trees were
included in regeneration harvests (e.g., Vickers and Fox, 2015). How-
ever, successful recruitment of oaks into the tree size class would
nonetheless be uncertain due to low sprouting potential for some species
of larger-dbh oak trees (Keyser and Zarnoch, 2014) and fierce
post-harvest competition with abundant, faster-growing species such as
yellow-poplar and red maple.

Many studies indicate that species dominance can rapidly shift after
regeneration harvests, from mixed oak forests (pre-harvest) to shade-
intolerant early successional species and shade-tolerant species —
many of which are also mesophytic — (Trimble, 1973; Johnson et al.,
1998; Tift and Fajvan, 1999; Nyland et al., 2006; Shure et al., 2006;
Loftis et al., 2011; Ryan et al.,, 2024). Oak is often out-competed,
particularly on higher quality mesic sites where the abundance and
growth rates of competitors, such as yellow-poplar, are likely to be
greater. Our results also show that shelterwood harvests promoted rapid
shifts in species dominance from oak (pre-harvest) to mesophytic (e.g.,
tulip-poplar and sweet birch) and generalist (e.g., red maple) species,
and further show that this post-harvest “mesophication” can occur on
both mesic cove- and subxeric upland hardwood forest sites.

Despite striking differences in species dominance between SWs and
mature forest controls, it is important to note that the composition of
regeneration following SWs is likely to vary according to onsite pre-
harvest species composition and tree dbh’s that can affect levels of
stump sprouting (Keyser and Zarnoch, 2014), and onsite or nearby
species that can affect the composition of seed rain and buried seed
banks (Keyser et al., 2012). Additionally, interspecific differences in
growth rates, drought tolerance (Oliver and Larson, 1996; Elliott et al.,
2015), and probability of survival (Keyser and Zarnoch, 2014) could

continue to alter successional trajectories as SW stands develop. For
example, in our study yellow-poplar recruited rapidly into the sapling
and (by Y17) tree size classes in SWs, whereas sweet birch appeared
slower to recruit into the sapling size class and remained a minor
component of the tree strata, suggesting its slower growth and the
possibility that it will be largely outcompeted by yellow-poplar as SW
forests continue to develop. Similarly, sporadic drought could kill or
reduce the competitive ability of fast-growing, mesophytic
yellow-poplar, especially on subxeric sites (Hilt, 1985; Morrissey et al.,
2008), resulting in reduced importance over time. Nonetheless, given
the magnitude of differences in species composition between SWs and
mature forest controls, our results suggest that large differences will
persist as young stands continue to develop.

The term “mesophication” is loosely used in the scientific literature
to describe an ongoing increase in shade-tolerant non-oak species — often
characterized as “mesophytic” - in the understories of mature eastern
oak-dominated forests, that will likely replace overstory oak trees in the
gradual course of forest turnover (Nowacki and Abrams, 2008; Alex-
ander et al.,, 2021). We suggest that the term “mesophication” is
misleading, largely because it conflates tree characteristics including
close affinity to mesic sites (the original criteria for defining “meso-
phytic” species; Schimper, 1903), shade-tolerance, and fire-intolerance
as “mesophytes” when categorizing non-oak species implicated in this
process. However, the suite of traits associated with “winners and losers”
in mature forest succession, and the conditions that favor some species
over others are complex, and often not strongly tied to one another
(Woodbridge et al., 2022). For example, red maple - often considered an
indicator of mesophication (Nowacki and Abrams, 2008) - is by no
means strictly mesophytic or closely associated with mesic sites. Rather,
it is a generalist species that can thrive across a wide moisture gradient,
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including even the driest sites (e.g., Abrams, 1998; Iverson et al., 2017;
Palus et al., 2018); further, although it is shade-tolerant, it also thrives in
high light environments following disturbances as varied as timber
harvests, land clearing, agricultural abandonment, and windthrow
(Abrams, 1998). We suggest that the fire exclusion policies enacted in
the 1930s, that virtually eliminated the practice of frequent, widespread
burning by humans, provides the simplest explanation for the subse-
quent increase of fire-intolerant red maple (Abrams, 1998; Arthur et al.,
2021) - even without invoking its (dubious) mesophytic traits. Similarly,
yellow-poplar and sweet birch are closely associated with mesic sites —
and therefore mesophytic — but are also shade-intolerant, and thus un-
likely to increase in the shaded understories of mature hardwood forests.
In fact, our results - indicating that red maple (a generalist species) will
gradually replace oak, but also yellow-poplar (a mesophytic species), in
the overstory of mature cove hardwood forests (CHM) - suggest that this
forest type will, in fact, become less mesophytic over time. Similarly, our
results indicating that red maple, as well as blackgum and sourwood —
species associated with subxeric upland sites — will eventually replace
oak in the overstory of mature upland hardwood forests suggests that
this forest type will, in fact, become more “xerophytic” over time. Our
study corroborates many others indicating that oak regeneration failure
in mature, undisturbed hardwood forests will gradually lead to reduced
dominance by oak and increased dominance by red maple and other
shade-tolerant species. Further, our results suggest that “mesophication”
does not accurately describe the likely successional trajectory within
undisturbed mature cove- and upland hardwood forests as they transi-
tion toward a more generalist, less mesophytic (in CHM) or even xero-
phytic (in UHM) overstory species composition.

10

5. Conclusions

Our study illustrates strikingly different pathways, rates, and out-
comes for shifting species dominance from oak- to non-oak species
among undisturbed mature and post-harvest stands on mesic and sub-
xeric sites. In undisturbed mature forests this slow successional trajec-
tory is not necessarily contingent on actively increasing shade-tolerant
species in the regeneration strata that (e.g., Nowacki and Abrams, 2008)
but can also occur through a passive process whereby shade-tolerant
species gradually replace overstory oaks simply because they are pre-
sent in the regeneration strata, whereas oaks are not. Regardless, a
paucity of oak- and an abundance of red maple saplings in mature cove-
and upland hardwood forest understories will likely ensure that red
maple will gradually replace oaks as an overstory dominant as mature
oak trees senesce and die, regardless of site quality. However, differ-
ences in species composition of the regeneration- and overstory strata
between undisturbed mature cove- versus upland hardwood forest types
additionally suggest that their successional trajectories may differ. In
mesic cove hardwood forests, oak and yellow-poplar dominated over-
stories will eventually become less “mesophytic” and more “generalist”
as both species are replaced largely by red maple, whereas oak domi-
nated overstories in subxeric upland hardwood forests will become more
“xerophytic-generalist” as mature oak trees are gradually replaced
largely by red maple, blackgum, and sourwood in the natural process of
forest turnover. Interestingly, increased dominance by red maple, whose
historic abundance was likely limited by frequent, human-ignited fire
(Nowacki and Abrams, 1998; Arthur et al., 2021), is likely to occur in
both cove hardwood forests - where fire was historically uncommon -
and in upland hardwood forests, where fire return intervals were short
(Lafon et al., 2017; Arthur et al., 2021).
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In stark contrast to the slow pace and (likely) successional outcomes
in undisturbed mature forests, shelterwood harvests with heavy over-
story removal promoted rapid shifts in species dominance with strik-
ingly different patterns of species dominance. Following shelterwood
harvests, both shade-intolerant mesophytic species (e.g., yellow-poplar
and sweet birch) and shade-tolerant generalist species (e.g., red
maple) rapidly responded to increased light. Oak regeneration was
scant, likely a combination of few in situ pre-harvest saplings (as in both
M treatments) and preferential onsite retention of mature oak trees,
resulting in relatively few oak stumps and thereby the potential for
stump sprouting. Although interspecific competition may further alter
successional trajectories as SW stands continue to develop, our results
indicate that yellow-poplar, sweet birch, and red maple will replace oak
as the dominant canopy species (compared mature forest type controls),
and shift species dominance toward a “mesophytic-generalist” compo-
sition on both mesic and subxeric post-harvest sites. Our study indicates
that successional trajectories differ among post-harvest and mature cove
and upland hardwood forests and suggests that changes do not always
imply increases in mesophytic species, or “mesophication”.
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