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Abstract

Forest ecosystems in the eastern United States are undergoing significant compositional and demographic shifts. To under-
stand these changes, we used Forest Inventory and Analysis data (2003-2021) to examine landscape-scale trends in the North
Carolina Piedmont, focusing on forest type groups, taxonomic family, and species. We assessed metrics such as annual net
primary productivity, relative density, and biodiversity, aiming to determine: (i) which forest group types are changing most,
(ii) whether these changes extend to higher taxonomic units, and (iii) how stability has shifted over time. Our findings re-
veal an increasing dominance of Pinus species, particularly naturally regenerated loblolly pine (Pinus taeda), accompanied by
sweetgum (Liquidambar styraciflua). This shift corresponds to rising prevalence of pine and oak-pine forest type groups. Notably,
while red maple (Acer rubrum) consistently had high seedling densities, its recruitment lagged behind species like sweetgum
and yellow-poplar (Liriodendron tulipifera), defying broader regional trends. These results highlight a clear progression from
species-level changes to broader taxonomic families and forest types, emphasizing a shift toward pine in the region. The study
underscores the importance of multi-level analyses for capturing ecological trends and advancing understanding of forest

dynamics in changing landscapes.
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Introduction

Forested ecosystems are complex and dynamic and play
large roles in maintaining biodiversity (Lindenmayer and
Franklin 2002), the provision of natural resources and food
(Brockerhoff et al. 2017), regulation of climate (Bonan 2008),
the production of energy through photosynthesis (Costanza
et al. 1998) and as areas of recreation (Termansen et al. 2013).
Forest demographics are a key process encompassing com-
position, growth, recruitment, establishment, and mortality
within forested landscapes (Stanke et al. 2021). Forest demo-
graphics serve as vital indicators of overall forest health and
function, offering insights into the capacity of ecosystems to
sequester carbon (Xu et al. 2016), their compositional and
functional diversity, and the efficacy of management strate-
gies (Pretzsch 2009). Examining demographic measures can
reveal the stability or instability of forested systems across
multiple spatial and temporal scales (Donohue et al. 2013).

Understanding the dynamics and stability of a forested
landscape can help frame that landscape with respect to
large-scale shifts in forests that have been observed globally
(McDowell et al. 2020). Structural, functional, and composi-
tional shifts within forests can be attributed to various fac-
tors, including natural disturbances, (Mouillot et al. 2013),
human activities such as timber harvesting or prescribed
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fires (Thom and Keeton 2020), and successional dynamics
(Guariguata and Ostertag 2001). Historically, conversion of
forested land into agriculture has been a key driver of insta-
bility in the southeastern United States, with Virginia, Geor-
gia, North Carolina, South Carolina and Florida losing 14.01
million hectares of forestland since 1630 (Li et al. 2023), caus-
ing many forested landscapes to depart substantially from
their previous processes and assemblages (Wei et al. 2014).
However, in recent decades, there has been a slow but grad-
ual reversal of this, with areas of agricultural land transition-
ing back to forestland in many parts of the Southeast (Mather
1992; Meyfroidt and Lambin 2011).

Ecological stability encapsulates the idea of an ecosystem
maintaining a dynamic equilibrium among its constituent
biotic and abiotic components (van Meerbeek et al. 2021).
Grimm and Wissel (1997) noted the three most important
concepts within ecological stability are: (1) constancy, where
systems stay essentially unchanged over time (Tilman et al.
2006); (2) resistance, where systems maintain constancy de-
spite the presence of disturbances with the potential to shift
the system dynamics (Begon et al. 1990); and (3) resilience,
which allows a system to fluctuate within its natural range
of variability and return to its previous reference state once
a disturbance event has finished (Myers-Smith et al. 2012).
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These definitions change and evolve with time, with one
recent definition of stability being no significant deviation
from its baseline value for the relevant variable of interest
(Stanke et al. 2021).

Assessing stability within forested ecosystems requires
consideration of multiple spatial and temporal scales. While
smaller-scale processes may exhibit erratic and nonlinear be-
havior (Chase and Leibold 2002), processes may appear more
stable at larger scales (Chalcraft 2012). Understanding these
dynamics can aid in identifying early warning signs of eco-
logical shifts and informs decision-making processes regard-
ing resource management and conservation efforts. Being
able to statistically evaluate stability will become increas-
ingly valuable as climate change continues to alter species’
ranges (Dyderski et al. 2017), disturbance regimes, and en-
vironmental gradients (Seidl et al. 2017). Another important
aspect of interpreting ecological processes is understanding
the differences between the levels of observation. Although
each higher observation level might be seen as an agglomera-
tion of observations at lower constituent levels, these higher
levels can depart substantially from the dynamics of their
constituents, and so are not simply aggregations of the lower
levels (Abbasi et al. 2024). Cross-scale analysis is important for
understanding the scale at which system properties emerge
(Scholes et al. 2013) and for properly gauging how groups of
individuals behave as their cumulative effect comes together
(Anderson et al. 2005).

Our aim was to elucidate forest stability within the Pied-
mont landscape of North Carolina by determining trends in
forest demographic variables and their derived metrics. Our
questions include the following: (i) Which forest type groups
experience the strongest demographic shifts? (ii) Are these
reflected in the taxonomic families and species that are key
contributors to those type groups? and (iii) Are stable com-
munities ultimately losing out by not being able to compete
with communities that have changing forest demographics?

We focused on changes to forest size class distributions,
diversity, relative density (RD), seedling densities, and pro-
ductivity across several levels of observation, namely forest
group type, taxonomic family, and taxonomic species within
the Piedmont ecoregion of North Carolina. With a high pro-
portion of private land and significant human population
concentration, the Piedmont presents a unique opportunity
to assess forest stability in the face of ongoing environmental
pressures and human activities. We discuss how these trends
over the study’s 18-year length are related to potential mech-
anisms driving change and what this means for the Piedmont
landscape in the near future.

Methods

Study area

The Piedmont is an ecoregion as defined by the Environ-
mental Protection Agency that stretches from Alabama at
the southern edge of its range up to near Washington DC
(Omernik and Griffith 2014) (Fig. 1). It is bounded to the
east by the Southeastern Plains and the Mid-Atlantic Coastal
Plain ecoregions and bounded to the west by the Appalachian

Mountains (Cleland et al. 2007). The climate of the Piedmont
is defined by hot humid summers and cool to mild win-
ters receiving an ample amount of rainfall (1000-1270 mm)
which is distributed relatively evenly throughout the year;
typical for its humid subtropical Képpen climate classifica-
tion. Soils in the Piedmont largely belong to the Ultisol soil
order. These are typically found in areas that are geologically
older with a humus-rich O horizon and a high clay content
in lower horizons, acidic soil conditions, and a lower fertil-
ity than most other soil orders (Brady and Weil 2017). His-
torically, the larger Piedmont ecoregion has been an area
of widespread European settlement, land clearing, and agri-
culture with a continual flux between forest and agriculture
since the early 1700s (Orwig and Abrams 1994). The contem-
porary composition of Piedmont forests is a mixture of hard-
woods and softwoods with the top five species as measured
by basal area being, loblolly pine (Pinus taeda), sweetgum (Lig-
uidambar styraciflua), tulip-poplar (Liriodendron tulipifera), red
maple (Acer rubrum) and Virginia pine (Pinus virginiana). A mix-
ture of functional groups exist as well, with species from the
Pinus genus and some oaks (Quercus) representing shade intol-
erance/fire tolerance and more mesic species like A rubrum
and L. tulipifera displaying shade tolerance/fire intolerance.
The Piedmont acts as a transitional zone between the Blue
Ridge Mountains to the west and the Coastal Plain to the east.
The Piedmont has moderate topographical heterogeneity rel-
ative to the Blue Ridge Mountains and the Coastal Plain. It
has a mixed species composition with a natural gradient that
changes from softwoods to hardwoods, from east to west at
a broad scale. At finer scales the gradient is patchy due to
natural and anthropogenic disturbance (Spooner et al. 2021).
We only included the section of the Piedmont ecoregion that
falls within North Carolina.

Selection of taxonomic variation

Three levels of taxonomic variation were selected for
comparison: forest group type, tree taxonomic families,
and individual tree species. The forest group types se-
lected were oak-hickory, oak-pine, oak-gum-cypress, elm-ash-
cottonwood, and pines. Pines consists of several forest group
types e.g., loblolly-shortleaf, white-red-jack pine and longleaf-
slash, but loblolly-shortleaf plots constitute 97% of the pine
plots and as such all were amalgamated into one. These for-
est group types all had near complete coverage through-
out the study period. The maple-beech-birch group type was
also present in the study area, but consistent data were only
available for the years 2003-2006 and as such were removed
from the study. All taxonomic families that were represented
within the selected group types were used for this study, as
were all species that fell within these families and group
types (see Data subsection for detailed descriptions of their
constituent parts).

Selection of metrics

We chose several metrics for assessment. The Shannon-
Weiner index (H) and species richness (SR) were chosen to
measure the diversity of species based upon the strong links
between biodiversity and primary productivity (Fischer et al.
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Fig. 1. (Left) Outlines of US states in thick black and EPA level 3 ecoregions in thin black outline. Highlighted in blue is the
Piedmont ecoregion. (Right) North Carolina and the subset of the Piedmont ecoregion that lies within the state. The map on
the left was created using R v4.5.2 (R Core Team 2025). Shapefiles for the States were sourced from the TIGER/Line Shapefiles
product issued by the U.S. Census Bureau (U.S. Census Bureau 2022). Shapefiles for the ecoregions were acquired from the
Environmental Protection Agency (US EPA 2013). The map on the right of Fig. 1 was created from a basemap in ArcGIS Pro

v3.5.0 (Esri Inc. 2025) with the USA Topo Map (USGS, 2025).

2006). Both diversity and richness were used because they
each represent different ecological components, with rich-
ness displaying the breadth of species present and diversity
representing the relative abundance of these species within
a group type. Absolute tree density is a measurement that
encompasses growth, recruitment, establishment, and mor-
tality processes which provides a broad assessment of tree
population dynamics within a stand or wider system (Stanke
et al. 2021). Understanding the dynamics of tree densities al-
lows for the comparison of demographic changes across our
multiple levels of observation. RD facilitates a standardized
way of comparison among group types. We also selected an-
nual net primary productivity (ANPP) because it is one of the
key drivers of ecosystem function (Lieth and Whittaker 2012).
The combination of these variables provides a comprehensive
insight into Piedmont forest stability.

Data

The USFS Forest Inventory and Analysis (FIA) Program (FIA
2019), consists of a network of approximately 140 000 perma-
nent field plots that span the US and its territories, and is used
to estimate the conditions of forests across all ownerships
on a continual basis. Each FIA plot represents approximately
2482 ha of forested land. One FIA plot is constructed from
a set of four circular (168.1 m?) subplots. The four subplots
are arranged with one central subplot and then the remain-
ing three at predetermined azimuths (120°, 240°, and 360°)
from the central subplot. Nested within each subplot is a cir-
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cular (13.5m?) microplot. Typically, subplots are where larger
trees (>12.7 cm diameter at breast height, dbh) are measured,
while microplots have seedlings (<2.54 cm dbh) and sapling
data (2.54-12.7 cm dbh) recorded within them (Fig. 2). Plots
are measured once every 5-7 years in the eastern half of the
US and every 10 years in the West. Our study period was
from 2003 to 2021 and included 1973 unique plots and 60405
unique trees to analyse the changes to Piedmont forests. Pan-
els 1-5 were used for this study with each panel represent-
ing an annual inventory that is 1/5th a complete sampling
cycle. Even with the extensive record of FIA plots within the
Piedmont, there are some limitations to the sampling design.
These include potential lack of human resources to access
the plots and acquire the data, the temporal gap between
each visit may lead to changes in condition type or spatial
arrangement, even conversion from forest to nonforest. Fur-
thermore, infrequent sampling could lead to a lower statisti-
cal power for the detection of change and a potential smooth-
ing of data, masking abrupt changes (Bechtold and Patterson
2005). We used data from the Piedmont to quantify the vari-
ous stability, functional, structural and diversity metrics that
are to be used in the analysis for this study. For this study
all live stems >2.54 cm dbh were used for the main analysis,
while all stems < 2.54 cm were used for the seedling analysis.

We amalgamated FIA forest type codes (FORTYPCD) into
a new forest group type variable (FORTYP) which clas-
sified FORTYPCDs into oak-hickory, oak-pine, pine, oak-
gum-cypress, and elm-ash-cottonwood (Burrill et al. 2024,
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Fig. 2. Image of the Forest inventory and Analysis (FIA) plot.
Macroplots defined by the dashed line. Within each macro
plot there is a subplot (solid line) and a microplot (smaller cir-
cle solid line) (Burrill et al. 2024). Larger trees (>12.7 cm dbh)
are measured in the subplots. Seedlings (<2.54 cm dbh) and
saplings (2.54-12.7 cm dbh) are measured in the microplots.
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appendix D). We included the top 10 taxonomic families
and top 10 taxonomic species in terms of total basal area
within the Piedmont. We focused on the demographics of
stands/forests that did not have any known human interven-
tion by removing all plots that had evidence of human inter-
vention (STDORGCD = 1) from the FIA COND table.

The diversity metrics we used for the FORTYP analysis in-
cluded Shannon’s diversity index (H) and SR. Shannon’s H,
which in this case represented the diversity of tree species
in FIA plots in the Piedmont that belonged to a specific for-
est group type, was calculated using the diversity() command
from the vegan v.2.64 package in R (Oksanen et al. 2022).
SR is a simple count of the unique tree species. These di-
versity metrics were only applied to analyses at the forest
group type level. To calculate RD measurements for the var-
ious forest group types of the Piedmont, a model which
represents their individual maximum size-density relation-
ships was constructed using quantile regression to estimate
the 99th percentile (Stanke et al. 2021). The model delin-
eates a theoretical maximum density—expressed as trees
per unit area—for each of the forest group types that is de-
termined through regressing trees per hectare against the
average basal area of a plot. Once the theoretical maxi-
mum (99th percentile) curve has been established, then RD
can be calculated for each forest group type by measuring
the current stand density against the theoretical maximum.
For forest group type i, the equation below shows how the
maximum tree size-density relationship can be calculated

(Stanke et al. 2021).

(1) Nmax (Sl> = aj S?

In eq. 1, a represents a scaling factor which delineates the
maximum trees density S = 1 with r being a negative expo-
nent that explains the decay of maximum tree density with
an increasing average tree size. Both a and r differ depend-
ing upon the which forest group type (i) is being measured
because they are known to vary across forest group types
(Pretzsch and Biber 2005), allowing for increased accuracy
and heterogeneity during assessement. We calculated live
basal area values using the tpa() function from the rFIA pack-
age and then converted from imperial to metric units for as-
sessment.

Analysis of stability

We defined stability as no significant difference from zero
(p < 0.05) in the percent change for each metric, throughout
the study period. T tests were conducted to ascertain p-values.
Percent change values were calculated on a rolling basis from
year to year for the respective level of observation (group
type, taxonomic family, or taxonomic species; see Fig. 2) and
then from these values the mean and confidence interval for
the whole study period were calculated. Due to the multiple
comparisons conducted there is an increased chance of Type
I errors, so the Holm-Bonferroni correction method was em-
ployed to reduce the family-wise-error-rate (Abdi 2010). To de-
termine the rate of change, linear models with an interaction
term were run with the variable of interest being regressed
against the year of observation, each interacting with the cho-
sen level of observation (e.g., oak-hickory, Pinaceae, yellow-
poplar, etc.) (Fig. 3). Once the model was generated, slope val-
ues were calculated for each level of observation. Slope values
were then scaled to normalise the values.

(2)  model = Variable~Year x Level

Equation 2 shows how the rates of change outputs were cal-
culated. Variable is the variable of interest (e.g., ANPP), year
is the year of observation and level is the level of observation

(e.g., forest type group).

Results

Forest group type change

Only pine had a significant increase in any of the four vari-
ables of interest at the forest group type level, with ANPP
displaying a significant increase in yearly percent change.
The oak-pine group type exhibited an increase in annual per-
centage change; however, this change was not statistically
significant after applying the Holm-Bonferroni correction.
Oak-hickory, oak-gum-cypress, and elm-ash-cottonwood for-
est group types were stable. Oak-gum-cypress displayed the
widest confidence intervals for each of the variables of inter-
est relative to the other forest group types, suggesting greater
interannual variability (Fig. 3). The oak-gum-cypress and
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Fig. 3. Plot of yearly change as a percentage for the variables of interest grouped by forest group type for all stems >2.54 cm.
Asterisks represent the forest group type and the variable of interest that were significantly different from 0 after Holm-
Bonferroni corrections. Significance codes = 0***0.001**0.01*0.05. Annual net primary productivity (ANPP) measured in addi-
tional annual volumetric biomass (m?) in the Piedmont landscape. H measured as the Shannon-Weiner Index score for each
forest group type across the landscape. RD measured as absolute density converted to relative density of that forest group type
across the landscape. Richness measured as gamma (total) unique woody tree canopy species.
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elm-ash-cottonwood forest group types did not produce a sig-
nificant interaction with year and ANPP, while the remaining
forest group types showed significant increases with year. The
rate of change for H significantly interacted with year as a de-
cline for elm-ash-cottonwood and oak-pine, while the remain-
ing group types significantly interacted positively (Fig. 4). SR
rate of change significantly declined for all forest group types
except for elm-ash-cottonwood, which increased. Oak-gum-
cypress declined the fastest (Fig. 4). Relative densities rates
of change were mixed with oak-hickory, oak-pine, and elm-
ash-cottonwood group types significantly declining when in-
teracting with year, while oak-gum-cypress was not signifi-
cant, and the pine group type fell just shy of being significant
(p = 0.053) (Fig. 4). Oak-hickory relative densities declined the
slowest. All forest group types had a stable amount of yearly
percentage change for both diversity measures. Oak-hickory
and oak-pine group types had mean percent change values
that were larger than zero for H, and their richness mean val-
ues were below zero, suggesting that these group types have
a greater degree of species evenness to them. Oak-hickory
was the group type with the highest number of woody tree
species, followed by the pine group type. As for tree canopy H,
oak-pine sustained the greatest levels throughout the study
period, with oak-hickory and oak-gum-cypress fluctuating be-
tween second place. Pines remained steady, but the elm-ash-
cottonwood group type saw a decline relative to the remain-

ing group types (Fig. S1).
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Taxonomic family change

Only the Pinaceae and Magnoliaceae taxonomic families
experienced significant increases in ANPP, with all other fam-
ilies remaining stable except for Altingiaceae which had a
nonsignificant rise after Holm-Bonferroni corrections (Fig.
5). The top 10 taxonomic families had stable RD values. Cu-
pressaceae had wide confidence intervals for both ANPP and
RD, Altingiaceae for RD and Ulmaceae for ANPP, all indica-
tive of increased interannual variation (Fig. 5). All but one
taxonomic family (Fagaceae) had a significant interaction be-
tween year and ANPP (Fig. 6). Altingiaceae, Magnoliaceae and
Pinaceae all had significant interactions between year and
ANPP, while the remaining six families all decreased signif-
icantly. RD for Sapindaceae and Fagaceae were found to be
significantly declining when their rates of change interacted
with year, while for all other taxonomic families RD was non-
significant (Fig. 6).

Species

Of the top 10 Piedmont species, only P. taeda and L. tulipifera
had significant increases in ANPP during the study period.
White oak (Quercus alba) and L. styraciflua had insignificant in-
creases in ANPP (Fig. 7). These species are representative of
a diverse set of taxonomic families and forest type groups
within the Piedmont. All of the top 10 species had stable RD
values. P. virginiana had the widest confidence intervals for
ANPP, followed by P. echinata (Fig. 7). O. arboreum did not have
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Fig. 4. Plot of scaled rates of change for the interaction term of year of observation and forest group type for each variable
of interest. Slope values generated by a linear model with interaction effects for each level of observation. ANPP, annual net
primary productivity.
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*0.05 T 0.1. For variable descriptions see Fig. 3 box. ANPP, annual net primary productivity.

Altingiaceae 1 o

Cupressaceae 1

Ericaceae 1

Fagaceae A

Juglandaceae - Metric

-= ANPP

Magnoliaceae 1 - RD

Taxonomic Family

Oleaceae {

Pinaceae

Sapindaceae A

Ulmaceae 1

o |- - 4

% Yearly Change

6 Can. J. For. Res. 56: 1-16 (2026) | dx.doi.org/10.1139/cjfr-2025-0222



http://dx.doi.org/10.1139/cjfr-2025-0222

‘Canadian Science Publishing

Fig. 6. Plot of scaled rates of change for the interaction term of year of observation and taxonomic family for each variable
of interest. Slope values generated by a linear model with interaction effects for each level of observation. ANPP, annual net

primary productivity.
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Fig. 7. Plot of yearly change for the interaction term of year of observation and taxonomic species for each variable of interest.
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Fig. 8. Plot of scaled rates of change for the interaction term of year of observation and taxonomic species for each variable
of interest. Slope values generated by a linear model with interaction effects for each level of observation. ANPP, annual net

primary productivity.
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a significant rate of change for ANPP (Fig. 8) A. rubrum has
been undergoing a significant decline in ANPP, while the re-
maining eight of the top 10 species by basal area have experi-
enced a significant increase in ANPP interacting with time. P.
taeda, again reflecting the results in the taxonomic families
(Fig. 6) and forest group type (Fig. 4), had the greatest increase
in its ANPP values, followed by L. tulipifera and then Q. alba of
which P. taeda is increasing at a normalized rate 2.79 times
as fast as L. tulipifera and 5.6 times as fast as Q. alba. Interac-
tions between RD and year were significant for A. rubrum, O.
arboreum, P. taeda, and Q. rubra, with the latter two species
increasing (Fig. 8).

Species richness

Oak-hickory, oak-pine, and pine communities all had rel-
atively stable and flat trajectories from 2003-2021 (Fig. 9),
with natural variability altering the final species richness
counts. Oak-gum-cypress communities experienced a decline
in the richness of woody and shrub species, while elm-ash-
cottonwood communities saw an increase, having a species
richness more comparable to pine and oak-pine communities
by 2021. Oak-hickory communities comfortably maintained
its position as the most species rich forst community type, in
terms of woody and shrub species, within the Piedmont for
the study period (Fig. 9).

Basal area change
The changes to the total landscape basal area of the top
10 species was mixed (Fig. 10). Relative to each other, three

species remained constant (A. rubrum, O. arboreum, and Q.
alba), two species experienced a decline (P. echinata and P. vi-
girgiana) and five species saw a rise (L. styraciflua, L. tulipifera, P.
taeda, Q. prinus, and Q. rubra). The increases and decreases of
these species remained fairly constant throughout the study
period, with the exception of P. taeda which experienced a
rapid increase in basal area starting in 2015.

Seedling density change

We found A. rubrum to be consistently one of the top
seedlings per hectare across all forest group types. During
the study period the highest densities of A. rubrum occurred in
the oak-hickory forest type, while the overall highest seedling
densities were from L. styraciflua in the pine group type. P.
taeda only showed a strong presence in the pine group type,
but experienced a large drop in density in 2010, as did P. echi-
nata one year prior. Q. alba was also prevalent across the five
forest types, while all other species had mixed densities.

Size class biomass

At the species level, smaller size classes (<20 cm d.b.h.)
had a relatively even mixture of the top 10 species, while
medium and larger cohorts were primarily made up of Quer-
cus species, particularly Q. alba, Pinus species, and L. tulipifera
(Fig. 11). This pattern largely held constant throughout the
study period except for a large increase in the biomasses of
P. taeda which drove much of the gains in the medium size
classes (20—40 cm). Pinaceae and Fagaceae were the two most
prominent families across all size classes and throughout the
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Fig. 9. Plot of species richness throughout the study period (2003-2021) grouped by forest group type. Richness was calculated
as unique woody tree and shrub species that were >12.7 cm dbh from Piedmont FIA plots.
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study period. In the size classes that were >55 cm Fagaceae
was the dominant family with minor components of Mag-
noliaceae, Sapindaceae, and Pinaceae. The rise in Pinaceae
was not as pronounced as the rise in P. taeda suggesting that
other Pinaceae species also contributed to the expansion of
this family. Juglandaceae biomasses remained relatively con-
stant during the study period across all size classes, despite
being an important family, ecologically speaking, within the
landscape. Oak-hickory was the dominant forest type group
in terms of biomass across size classes within the Piedmont,
although pine was a close second in the 20, 25, and 30 cm size
classes. Oak-pine biomasses experienced a gradual rise from
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natural growth processes with a steady transfer of biomass
from lower to upper size classes. This trend was also experi-
enced by the elm-ash-cottonwood and oak-gum-cypress group
types as well (Fig. 12).

Discussion

Species-level

In the eastern United States, forests are trending to-
wards species and communities that are shade-tolerant/fire-
intolerant and away from those that are shade-intolerant/fire-
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Fig. 11. Trees per hectare for seedlings (dbh < 2.54 cm) for the top 10 species by basal area across the five forest group types
of the Piedmont.
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Fig. 12. Total biomasses (millions of MG) for size classes (0-100 cm d.b.h.) in 5 cm increments. Columns represent the years
of 2006, 2011, 2016, and 2021, and rows represent, in descending order, forest group type, taxonomic family, and taxonomic
species. Taxonomic family and species are the top 10 by basal area within the Piedmont. Taxonomic family contains all species
within those families and not just those found in the top 10 species. All trees >2.54 cm were used to calculate these values.
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tolerant, though this trend is not consistent across all
regions (Knott et al. 2019). Our study reflects this ambiguity,
with mesic (typically shade-tolerant/fire-intolerant) and xeric
species (typically shade-intolerant/fire-tolerant) performing
similarly. In the Piedmont, L. tulipifera and L. styraciflua have
expanded their biomass across multiple diameter classes (1-
29 and 1-19 cm, respectively; Fig. 12). This trend diverges
from the findings of Knott et al. (2019), as both species, de-
spite being relatively shade-intolerant, are increasingly re-
placing more xeric, fire-adapted species such as Quercus spp.
and P. echinata. This is notable given their association with
mesophication processes. The apparent contradiction may be
partly explained by the fact Liriodendron and Liquidambar were
not included in Knott et al.’s analysis. Moreover, both Lirio-
dendron and Liquidambar are typically considered moderately
fire-sensitive, Liquidambar especially so during early develop-
mental stages, which adds further complexity to its expand-
ing role in these transitional forests.

Our results show that Q. alba has experienced a significant
increase in the rate of change for ANPP, but not for RD, and
that yearly percent changes for both ANPP and RD were not
significant (Fig. 8). Despite the wider regional drop in oaks
this stability and improved vigor shown through ANPP sug-
gests that Q. alba will remain a prominent component of Pied-
mont forest composition, at least in the near term. The top 10
species (by total landscape basal area) showed no significant
year-on-year changes in their RD (Fig. 7), suggesting they are
maintaining their current levels through a balance of growth,
mortality, and establishment processes (Stanke et al. 2021)
when viewed in totality.

Moreover, forest compositional shifts associated with
wider mesophication trends across the eastern U.S. (Fei et
al. 2011; Knott et al. 2019) were not clearly reflected in our
findings, with mesic species such as A. rubrum retaining a
steady proportion of the biomass across size classes, yet fail-
ing to recruit in a substantial or increasing manner into
larger (canopy tree) size classes (Fig. 12) despite a strong pres-
ence in terms of seedlings (Fig. 11). Nevertheless, mesophica-
tion has been known to manifest in varied ways at finer scales
such as instances of shifts away from xerophytic oak-hickory
compositions toward relatively more mesophytic composi-
tions (Caldwell et al. 2016) of L. tulipifera, and L. styraciflua in
P. taeda dominated communities. Primarily, these shifts have
been driven by fire suppression and altered fire regimes char-
acteristic of post-European settlement forest dynamics in the
eastern United States (Nowacki and Abrams 2015). This trend
is also observed in broader changes in the eastern United
States, with loblolly pine-sweetgum, maple—yellow-poplar,
Virginia pine-maple, and eastern redcedar-maple-oak forest
communities all showing an increase in red maple composi-
tion (Abbasi et al. 2024), standing in contrast to our results.

P. virginiana is also seeing declines in biomass, likely due to
being outcompeted as an early successional species which is
now senescing and transitioning towards later seral stages
(Orwig and Abrams 1994), creating more growing space
within Piedmont forests that coincide with increases in the
biomass of P. taeda (Fig. 7). This can be seen in Fig. 12, where
small and medium size classes (5-40 cm) reflecting the de-
crease in P. virginiana and rise in P. taeda.
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Taxonomic family

We found that only the Magnoliaceae and the Pinaceae
families had significant increases in their yearly percentage
of ANPP but all of their relative densities remained stable,
primarily driven by L. tulipifera and P. taeda, respectively. In
short these families are retaining their stocking levels while
also showing increased ANPP, which suggests of the stock-
ing levels are being replenished by younger cohorts that tend
to have an acute rise in ANPP at those early stages (He et al.
2012). Oaks (Quercus spp.) and hickories (Carya spp.) declined
in their importance values over the past several decades, yet
also increased in their basal area across the eastern United
States (Knott et al. 2019), evidence of lower abundance but
greater stocking levels, which contrasts with our findings of
steady stocking levels (Fig. 5). In contrast, Acer and Pinus saw
continual rises in their importance values, abundance and
basal area in the eastern United States over the same pe-
riod (Knott et al. 2019) representing an expansion of these
genera.

L. tulipifera and Magnoliaceae were not a focal species/genus
in Knott et al. (2019), but were discussed in Knott et al. (2020)
at the community-level. Knott et al. (2020) found that in pine-
sweetgum communities (akin to our pine group type) that
there has been an increase in P. taeda and L. styraciflua since
the 1980s to the 2010s, both becoming dominant in the Pied-
mont, which concurs with our findings. However our results
show an increase in L. tulipifera and Magnoliaceae, with the
proportion of L. tulipifera increasing for all but two diame-
ter classes (Fig. 12) during the study period. L. tulipifera is a
key compositional component of Blue Ridge Mountain forest
communities and is an associated species within the wider
Piedmont, but has been slowly moving southeastward as part
of the yellow poplar-oak group type (Knott et al. 2020). De-
spite the wider trends of poor oak regeneration and establish-
ment within the eastern United States (Dey 2014) Fagaceae
persists in our study region throughout a range of size classes.
Knott et al. (2019) showed that there is widespread decline in
the importance value of Quercus species and a concurrent rise
in the importance of Acer species; however, these effects were
relatively mixed in the wider Piedmont ecoregion which co-
incides with our findings (Fig. 12). The Sapindaceae family
held relatively constant throughout the study period, which
may suggest a regional bulwark against wider mesophica-
tion trends due to A. rubrum being a typical beneficiary of
mesophication; but nevertheless, proliferation of Magnoli-
aceae and Altingiaceae in our study region pushes back on
this bulwark notion, as both families are also associated with
mesophication, especially in disturbed sites (Alexander er al.
2021). While climate is influencing a shift in the composi-
tion of the eastern United States with decreasing moisture
availability producing greater near-term compositional shifts
than temperature through a greater prevalence of drought
(Fei et al. 2017), the more likely driver of changes in compo-
sition has historically been large, disturbances (Xi et al. 2018),
and alterations to the disturbance regimes (Nowacki and
Abrams 2015) with the legacies of forest conversion to agri-
culture and back to new secondary forest and urban expan-
sion in the South (Nedd and Anandhi 2022) being more recent
examples.
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Forest group type

Driven by factors such as climate, disturbance regimes, life-
history traits, human intervention, and their interactions,
forest group types in North America are experiencing vari-
able range shifts where the constituent species are shifting
faster than their forest type (Abbasi et al. 2024) with these
shifts altering ecosystem structure and function (Wellstead
and Howlett 2016). Spatial shifts in forest communities in the
eastern United States may not be driven by climate-induced
precipitation changes (Knott et al. 2020), contrasting with Fei
et al. (2017) who reported precipitation-driven species range
shifts in the same region. This indicates that while climate
is crucial, it is one of many drivers. In the Mediterranean
basin, oak-pine forest communities are largely being driven
toward Quercus dominance (Waitz and Sheffer 2021) through
changes in management practices such as lower grazing pres-
sure and reduced logging activities (Kouba et al. 2012), high-
lighting that there are multiple mechanisms that can gov-
ern mixed forest landscapes. While it is possible for the land-
scape to maintain a steady state of mixed forest, this can
rely on complex dynamics and interactions that can be eas-
ily imbalanced (Waitz and Sheffer 2021). We did not consider
climatic factors in this study, although North Carolina’s cli-
mate over the past 50 years has become warmer, but not wet-
ter (Kunkel et al. 2020), explaining the significant increase
in the ANPP of the pine group type due to improved grow-
ing conditions (Ruifang et al. 2007), which displays xeric
characteristics.

Despite the lack of significant change in ANPP, RD, H,
and SR based on year-over-year comparisons, the linear
model revealed longer-term compositional shifts in elm-ash-
cottonwood forests. SR increased significantly over time,
likely reflecting the establishment of generalist or meso-
phytic species following the decline of foundational other
bottomland hardwood genera such as Nyssa, Quercus, and Frax-
inus (ash) (Knott et al. 2020). However, this gain in richness
coincided with significant declines in both RD and diversity,
suggesting reduced recruitment and increasing dominance
by a few shade-tolerant species; patterns consistent with me-
sophication (Nowacki and Abrams 2008). The slight, though
nonsignificant increase in ANPP may indicate a shift toward
fewer but larger or more productive individuals, possibly
A. rubrum or L. styraciflua, which are known to thrive under
closed-canopy, low disturbance conditions (Fig. 11). Together,
these trends suggest that while SR is rising, the functional
and structural integrity of these forests may be eroding, with
implications for biodiversity, resilience, and ecosystem func-
tion.

However, forest regeneration patterns, particularly
seedling dynamics, suggest additional mechanisms un-
derlying compositional shifts. For example, oak and hickory
seedlings typically invest more in root biomass than shoots
(Brose and Van Lear 1998), a strategy that supports sur-
vival under frequent fire but becomes a disadvantage in
fire-suppressed conditions. In contrast, mesophytic species
such as A. rubrum invest more in aboveground growth, al-
lowing them to outcompete oaks in shaded, undisturbed
understories (Spooner et al. 2021). This differential alloca-

12

tion may explain the continued dominance of oak-hickory
at the canopy level despite increasing A. rubrum and other
mesophyte recruitment at the seedling layer.

Repeated fire historically acted as a critical filter, favor-
ing fire-adapted species like oak and hickory while excluding
more fire-sensitive mesophytes (Lafon et al. 2017). In the ab-
sence of frequent, A. rubrum, which is particularly vulnerable
at smaller size classes, has gained a competitive edge, as ev-
idenced by it proliferation in the Piedmont at the seedling
stage (Fig. 11).

Despite these increases in pine ANPP and biomass, there
has been a minimal rise in the area that the pine group type
occupies within the Piedmont over the study period, with
oak-hickory remaining the dominant forest group type (Fig.
S2). The oak-gum-cypress group type shows stability but has
large confidence intervals, suggesting greater inter-annual
variation. These communities also had the lowest mean num-
ber of plots used (Table S1), contributing to the large con-
fidence intervals (Martinez-Abrain 2014). Additionally, an-
thropogenic disturbances such as logging have further con-
tributed to mesophytic expansion by enhancing seed rain
establishment from pioneer species such as L. tulipifera, L.
styraciflua, and A. rubrum (Spooner et al. 2021).

Diversity

In several southern states (Georgia, Tennessee, South Car-
olina, Alabama), there have been significant increases in
the phylogenetic diversity of trees and saplings (Potter and
Woodall 2012). This is also true at the ecoregion level, with
the Southern Piedmont (Georgia & South Carolina Piedmont)
experiencing similar rises in tree and seedling phylogenetic
diversity. However, we found species diversity and richness
to remain stable over the observation period. These discrep-
ancies could be due to different biodiversity metrics between
studies, although links between SR and phylogenetic diver-
sity are established (Tucker and Cadotte 2013). Discrepancies
may also arise from the scale of observation (Wiens 1989), as
Potter and Woodall (2012) had a shorter temporal scale (2001-
2008) but a larger spatial scale. The increase in seedling phy-
logenetic diversity in these states suggests a landscape sup-
porting new species influx (Potter and Woodall 2012), which
could affect future forest composition.

The observed stability in the diversity and richness of sev-
eral forest group types does not indicate stagnation. Vari-
able confidence intervals around diversity and richness val-
ues (Fig. 3) show year-to-year fluctuations, with canopy woody
tree species leaving and returning (Fig. 9), cumulatively cre-
ating stability. While the wider region supports new species
establishment (Potter and Woodall 2012), the North Carolina
Piedmont remains stable, possibly due to these expansions
not yet reaching this landscape or an existing equilibrium
between senescing and establishing species. Stability in di-
versity and richness helps maintain ecosystem functions like
ANPP (Tilman et al. 2006), which supports ecosystem services
such as climate regulation through carbon storage, nutri-
ent cycling, and provisioning of food and timber resources
(Costanza et al. 1998).
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Stability over time

Pinus taeda showed the fastest yearly increase in total
biomass, surpassing L. tulipifera (Fig. 8). While this surge
might be mistakenly attributed to the expansion of P. taeda
plantations in the Southeast (Wear and Greis 2013), our
analysis included only naturally occurring stands without
evident human intervention (see Methods). The increasing
dominance of P. taeda may reflect broader regional trends,
including the decline of Quercus species (Fei et al. 2011) and
climate shifts favoring P. taeda and other species like Lig-
uidambar styraciflua (Costanza et al. 2017).

Global shifts from older, mature forests to younger stands
with higher turnover rates (McDowell et al. 2020) likely con-
tribute as well. In the Piedmont, early successional forests
are often dominated by pines, transitioning to mixed or
oak-dominated stands in later seral stages (Payne and Peet
2023). After centuries of agricultural abandonment and log-
ging (Orwig and Abrams 1994), much of the Piedmont’s forest
land is still in early to mid-succession. Contemporary land use
change—mainly the conversion of forests or farmland to de-
veloped areas—continues to shape these dynamics (Auch et
al. 2015).

The regional decline of oaks likely opens growing space for
P. taeda, L. tulipifera, and L. styraciflua, which is reflected in in-
creased rates of change for both the Pinaceae and Magnoli-
aceae families, and the softwood group type. The basal area
rise of P. taeda beginning around 2015 (Fig. 10) may also be in-
fluenced by its proximity to plantations, where naturally re-
generated individuals can establish. In the long term, reduc-
tions in longleaf pine (P. palustris), fewer fire ignitions (natural
and anthropogenic), and widespread agricultural land aban-
donment have all likely contributed to the sustained expan-
sion of P. taeda (Zhang et al. 2010). L. styraciflua increases as
an associate of P. taeda and L. tulipifera also benefits from the
new growing space.

Future insights

If the patterns presented are a blueprint for the future
forests of the Piedmont, we expect a steady and continu-
ous recruitment of species associated with the pine forest
group type, largely driven by the outsized influence and re-
cruitment of P. taeda (Costanza et al. 2017; Knott et al. 2020).
Other species within this group type, such as P. echinata and
P. virginiana are experiencing steady declines in their total
biomasses, highlighting further shifts toward increased P.
taeda dominance. Even with this increase of P. taeda within
the Piedmont, these naturally occurring stands are set to be
replaced by P. taeda plantations as the century progresses
(Wear and Greis 2013), with improvements in genetic prove-
nance and economic importance driving this trend (McKeand
et al. 2020). Depending upon site quality, even group types
that are ecologically stable may be converted to plantation
forestry. The conversion of land into pine plantations will
likely cause shifts in the delivery of ecosystem services within
the Piedmont to a landscape that is more focused on tim-
ber production, with corresponding losses in other ecosys-
tem services as a result of trade-offs among services (Bauhus
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et al. 2010), with water yield likely experiencing a decline
(Cademus et al. 2014).

While ANPP is rising in some areas, these productivity
gains are not uniform but instead are driven by a small num-
ber of species, most notably P. taeda and L. tulipifera. Though
mean percent changes in ANPP remain statistically stable
across most species, significantly positive slopes over time
indicate sustained long-term increases in ANPP for these key
taxa. These species are showing significant increases in both
productivity and recruitment, particularly in mid-sized co-
horts (20-40 cm d.b.h), suggesting that the Piedmont forest
is entering a new compositional phase. Conversely, key com-
ponents of structural complexity, such as SR and RD, are de-
clining across many forest types.

Quercus species had relative stability throughout the study
period, even seeing some expansions of biomass in Q. alba.
Challenges with recruitment into the upper strata is a current
and future challenge for oaks which needs to be addressed
urgently before there is a transition out of the current preva-
lence of oaks in the Piedmont (Dey 2014). With some conifers
increasing and there still being a high abundance of Quercus
in the landscape, oak-pine communities have been and are
compositionally poised to do well, but lack the necessary fire
dynamics and management to see a return to their previous
landscape coverage (Hart et al. 2023). Opportunities to capi-
talize upon well targeted management should be considered
going forward. This could change functional patterns within
the Piedmont as the climate is expected to bring more precip-
itation in intense discrete events, and more intense periods
of drought (Kunkel et al. 2020).

The continued expansion of early successional and fast-
growing species, coupled with the lack of consistent recruit-
ment among more shade-tolerant hardwoods, suggests that
Piedmont forests may become less diverse and more com-
positionally uniform over time. Species like A. rubrum and
0. arboreum, which are declining in RD, illustrate a broader
pattern of selective loss, whereas taxonomic families such as
Pinaceae and Magnoliaceae are increasing in their biomass
contributions. These dynamics highlight the ongoing com-
positional shift in the Piedmont, away from the historically
diverse forest towards stands dominated by fewer, more com-
petitive species.

The prolific nature of L. styraciflua which has a high density
of seedlings within the forests of the Piedmont, the ability to
root sprout, an already strong association with the softwood
group type, P. taeda in particular, and its slow but steady re-
cruitment into larger diameter size classes suggest increased
prominence in the future (Knott et al. 2020). Upland hard-
wood forests, which in the Piedmont predominantly consists
of the oak-hickory group type, are expected to also see losses
in their total hectarage, with losses in this group type pri-
marily being driven by development, with heavily urbanized
counties expected to see a >25% decrease in the proportion
of forested land within its borders (Wear and Greis 2013).

Conclusion

In conclusion, the forests of the Piedmont appear to be
at a crossroads that has been approaching for some time. A
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rapid rise in the ANPP, largely driven by corresponding rises
in P. taeda, show that pines are becoming increasingly dom-
inant within the Piedmont, when compared to the remain-
ing four group types. This comes at a time of regional loss
of oak species, a functionally and compositionally important
genus for the Piedmont, which is being partially driven by
large-scale climatic factors, but primarily through altered dis-
turbance regimes and land use change. This could signal the
beginning of a shift in landscape structure, function and com-
position towards one that is more dominated by species asso-
ciated with the pine group type. Management interventions
may be needed to ensure the future persistence of the diver-
sity of forest communities that are found in the Piedmont,
but still may not be enough to turn the ecological tide of the
wider eastern United States.
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