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Abstract

Forest mesophication threatens the regeneration and potential future perpetuation
of oak (Quercus spp.) forests throughout southern Appalachia and eastern United
States (US). We explored methods to produce stand-scale oak site suitability maps,
within the Nantahala National Forest in North Carolina, which can be used to prior-
itize site-specific treatments to allow for oak regeneration and recruitment using sil-
vicultural strategies to reduce forest mesophication. To establish initial conditions,
USDA Forest Service common stand exam quick plot protocol was followed, and
plot data collected from June through August 2023 at 180 sample points within 15
stands totaling 500 acres. Collection of seedling height class data was important for
showing a gap in regeneration, between the number of small seedlings (~ 1 ft) (1038
stems) and large seedlings (>4.5 ft) (301 stems). Two popular site suitability mod-
eling techniques, Maximum Entropy (MaxEnt) and Random Forest, were run for
five common oak species with seven predictor variables including available water
capacity, elevation, eastness, ecozone, northness, soil acidity, and soil type. MaxEnt
models consistently outperformed Random Forest models with the most important
variables including ecozone, soil acidity, and soil type. The maps highlight loca-
tions that can be prioritized for silvicultural treatments that target regeneration and
recruitment of oaks to combat or reverse forest mesophication.
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Introduction

Oak (Quercus spp.) forests have been stewarded across the United States of
America (USA) for thousands of years (Davis 1983; Prentice et al. 1991). These
forests are foundational for their economic, ecological, nutritional, and cultural
services and values. For example, oak dominated forests can contribute as much
as $13 billion USD and 50,000 jobs to the economy of a single US state, provide
critical sources of timber, environmental regulation, habitat, shelter, food, and
material for cultural resources such as Cherokee woven baskets (Cavender-Bares
2016; Patterson et al. 2022; Baumflek et al. 2022). Furthermore, pre-colonial set-
tlement records indicate that oaks comprised 30-80% of forested cover across
the southeast, suggesting that oaks were one of the most dominant genera since
the last glacial maximum (Davis 1983; Prentice et al. 1991). Historically, ecosys-
tems dominated by oak were high-light, open woodland-type environments with
larger diameter overstory trees, open mid-stories, and highly diverse understories
which included hickories (Carya spp.), American chestnut (Castanea dentata),
and pines (Pinus spp.) as co-dominant species in the overstory (Hanberry and
Nowacki 2016).

Fire, especially by the Indigenous Cherokee stewards, shaped the historical
structure and composition of southeastern forests for thousands of years (Yar-
nell 1998; Stambaugh et al. 2015; Baumflek et al. 2022). These fires were imple-
mented through thoughtful and intentional planning with the general goal of the
fires being low-severity and high frequency (Jacobs et al. 2013). Fire was and still
is an important disturbance in oak forests as the severity and frequency of for-
est fires historically influenced structural diversity and canopy openness (Yarnell
1998; Hanberry and Nowacki 2016). Currently, prescribed or controlled fire dis-
turbances are increasingly used by western land managers to maintain oak sys-
tems in fire dependent forests (Brose and Hutchinson 2019); there are a diversity
of forest ecosystems (e.g. mesic coves) where oak regeneration is not the goal.
In stands prioritizing oak regeneration and recruitment, low-severity, frequent fire
stewardship can suppress oak competitors (e.g. red maple (Acer rubrum L.)) in the
seedling and sapling stage (Abrams 1992; Dey 2014). More specifically, surface
fires distinctly impact the accumulation of oak advance reproduction as part of
the regeneration process. Meanwhile, disturbances that create canopy gaps affect
the recruitment of oaks. More so, in the absence of fire as a primary disturbance
agent, oaks capture growing space through their competitive adaptations such as
drought and pH tolerance (Dey 2014; Johnson 1992; Sander 1984).

During the past few centuries, and especially as of the mid-nineteenth through
twentieth centuries, colonization, the introduction of non-native species, and the
subsequent shifts in stewardship regimes have drastically influenced the current oak
forests of the southeast (Baumflek et al. 2022; Nowacki and Abrams 2008; Baum-
flek et al. 2022). These changes to stewardship regimes culminated in the federal
government of the USA forcefully removing the Indigenous Cherokee peoples
from their homelands of the southeast throughout the mid-nineteenth century in

@ Springer



Journal of Forestry (2025) 123:629-652 631

a process known as the Trail of Tears via the Indian Removal Act (Finger 1991).
As a result, oak woodlands of the past subsequently developed as late-successional
ecosystems and were mistaken by Europeans as wilderness despite the intensive
stewardship regimes applied by the Cherokee people (Delcourt and Delcourt 2004).

Despite the drastic cultural and ecological changes of the nineteenth and twen-
tieth centuries, oaks have remained resilient and continue to show their adaptive
abilities to accumulate advanced regeneration even among increased competition
in the twenty-first century (Edge et al. 2023; but see Haavik et al. 2015; Rod-
riguez-Calcerrada et al. 2017; and Crocker et al. 2023 for impact on oak decline).
Unfortunately, the American chestnut has been largely lost across the region
due to the chestnut blight (Kuhlman 1978). Because of the extensive decline of
American chestnut, oaks have largely infilled and play an increasingly critical
role in supporting wildlife habitat, ecosystem services, and human cultural sys-
tems (Wang and Huifeng 2015).

Even where advance regeneration is present, recruiting oaks following regen-
eration harvests has remained problematic due to herbivory and competition by
native and non-native plant species; this problem has been exacerbated by a lack
of controlled burning, fire suppression efforts, and changes in temperature and
precipitation patterns (McShea et al. 2007; Dey 2014; Alexander et al. 2021).
However, the presence of large advance regeneration (> 1 in. diameter at breast
height, dbh) serve as strong indicators of future recruitment and the maintenance
of oak species in the midstory (5 to 15 in. dbh) and overstory (> 15 in. dbh)
(Sander 1971, 1984; Sander and Clark 1971; Harris et al. 2022). Where abundant
and large advance regeneration occurs of desirable species (defined as 249 trees
per acre (tpa) of oak, hickory, and cherry species) (USDA Forest Service 2023),
silviculturists can use intermediate treatments or regeneration harvests, consider-
ing the spatial distribution of oak regeneration (e.g. Keasberry et al. 2016), to
promote recruitment into the midstory and overstory (Harris et al. 2022). Thus,
oak forests in the southeastern USA are at an inflection point, where tools to
identify and utilize regeneration data could help prioritize treatment areas, sup-
porting oak recruitment both within and across ownerships.

Our overarching goal was to link commonly collected seedling and sapling
data to available environmental variables to develop spatially explicit models of
oak regeneration potential for prioritizing further tending for regenerating and
recruiting oaks after a regeneration harvest. We accomplished this through a
research-management partnership which included field data collection of regen-
erating and recruiting species, the use of species distribution models (SDMs)
such as MaxEnt and Random Forest to link regeneration with environmental data
derived from the USDA Soil Survey Geographic Database (SSURGO) and other
sources, and finally, matching model results with each species’ silvics. We pre-
sented both spatially via rasters (pixel-based map layers) and in tabular form for
application during the silvicultural planning process. Results from this project are
expected to be applicable to other locations across the US that are experiencing
oak regenerating and recruitment failures.
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Methods
Study Region

North Carolina, USA is a heavily forested state with approximately 18.8 million
acres (7.6 million hectares) of forested land. The majority of these acres (11.3
million acres or 4.6 million hectares) are in family forest ownership. Public lands
including federal, state, and local public lands total 2.6 million acres (1.1 million
hectares) (North Carolina Forest Service).

Our study area covers approximately 100,000 acres (40,469 hectares) of the west-
ern portion of the Nantahala Ranger District’s federal management boundary within
the Nantahala National Forest in North Carolina. The study area is also known as
the “Nantahala Mountains.” The Nantahala National Forest was established in 1920
as a result of the passage of the 1911 Weeks Act.

Due to the long history of humans on the landscape, many small land holdings
have fragmented the forest, constraining larger-scale forest management. These
lands were colonized, opened to colonial settlement and subsequent federal con-
trol only after the ethnic cleansing and forced displacement of Indigenous peoples
between 1830 and 1850 via the Indian Removal Act of 1830, which, in this area
included the Eastern Band of Cherokee Indians (Finger 1991).

The Nantahala Mountains represent a temperate climate (Appendix A). Average
seasonal climatic information for Franklin, North Carolina include winter tempera-
tures (December, January, and February) of approximately 40 F (4.4 C) and summer
(June, July, and August) temperatures of approximately 70 F (21.1 C). Precipitation
varies among months but all months average over 3 inches (7.6 cm) with January,
March, and December averaging over 5 inches (12.7 cm).

Field Data Collection

Data were collected by a team of field technicians during the summer of 2023 in the
Nantahala Mountains in areas that are planned for regeneration harvest treatments in
2024-2026 focusing on oak regeneration and recruitment. Sampling did not occur
across all ecozones within the Nantahala Mountains. The stands were preselected by
National Forest land managers based on being 90 years or older, fully stocked, and
ready for harvest. The 15 stands, representing about 500 acres (202 hectares) within
the 100,000-acre (40,469 hectares) study area (Fig. 1) were largely unmanaged for
the last 80—100 years with the exception of two stands receiving controlled burning
treatment for the purpose of fuels reductions within the last 10—15 years. USDA For-
est Service (Forest Service) common stand exam quick plot protocol was followed
for the collection at 180 sample points within 15 stands (an average of 1 sample point
per 2-3 acres, about 1 per hectare) in the oak forest types (USDA 2014). Specifically,
the stand exams focused on forest types which have the potential to be considered for
regeneration of northern red oak (Q. rubra), white oak (Q. alba), chestnut oak (Q.
montana), and other oak including black (Q. velutina) and scarlet (Q. coccinea) oaks.
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Fig. 1 Location of plots sampled during summer 2023 in stands that will receive treatments in 2024—
2026 in the Nantahala National Forest. There were 180 sample points across 15 stands comprising about
500 acres. The study area’s coordinates are 35.163764,—83.620084

We selected these oak species due to their abundance and presence in the study area.
To ensure statistically significant sampling throughout the stands, we used ArcGIS
Pro (ESRI 2023, version 3.1) to place the field data points randomly in the stands.

At each sample point, the overstory was measured by point sampling, while the
midstory and regeneration layers were measured with nested fixed plots. The over-
story, defined as trees greater than 15 in. dbh (38.1 cm), was sampled using a vari-
able radius plot with a 20 basal area factor (BAF) angle gauge; the use of 15 in.
dbh (38.1 cm) as a minimum for the overstory relates to sawtimber markets in the
region. The midstory (defined as trees from 5—15-in dbh (12.7-38.1 cm)) and regen-
eration layers (defined as woody stems under 5 in. dbh (12.7 cm)) were sampled
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in circular 1/40 th acre (1/100 th ha) and 1/100 th acre (1/250 th ha) fixed-radius
plots, respectively. Height was tallied for all regenerating individuals in the follow-
ing height classes 0 —1, 1.1—2, 2.1—3, 3.1-4.5 and >4.5 ft (0.30, 0.61, 0.91, 1.22,
1.37 +meter). The resulting dataset included density (trees per acre, TPA) for all
size classes by species (regeneration, mid-, and overstory) and basal area (BA) for
mid- and overstory. The complete dataset totaled 180 plots with 1398 mid- and over-
story trees and 4817 understory stems.

Environmental Variables

Using environmental variables identified by Kabrick et al. (2014), soil acidity (pH),
soil available water capacity (AWC), and aspect were sourced from the USDA
SSURGO Database; additional variables (elevation, soil type) from this dataset were
also included (USDA NRCS 2023). Detailed information can be found in Appendix
B. Additionally, the Nantahala National Forest has an ecozones layer which captures
eleven unique potential natural vegetation types across the study region with associ-
ated desired conditions (Simon 2011, appendix 1). These spatial variables (aspect,
elevation, ecozones, soil type, soil pH, soil AWC, and soil type) were all resolutions
of 98.4 ft (30 m) or less (USDA NRCS 2023).

Determining the Best Model to Predict Oak Site Suitability

We utilized the collected forest inventory data as inputs across two different spe-
cies distribution modeling approaches: Maximum Entropy (MaxEnt) and Random
Forest. MaxEnt is a presence-only, maximum entropy, supervised machine learn-
ing model that produces predicted probability of presence, which can also be inter-
preted as site suitability as determined by raster output based on presence points and
covariate rasters. The main benefit of MaxEnt over other species distribution models
is that it chooses an underlying probability distribution which maximizes agreement
with that which is known while carefully avoiding assuming anything that is not
known, holding to the principle of maximum information entropy (Jaynes 1991).
Random Forest is an ensemble machine learning algorithm that uses many decision
trees to generate a predictive model based on explanatory and response variables.
Random forest is prized for its flexibility of application and ability to avoid overfit-
ting (Qi 2012). Retaining comparability with the MaxEnt parameterization, the Ran-
dom Forest models were also run as presence-only. The Random Forest model can
produce a probability raster similar to the MaxEnt predicted presence raster output.
Area under the curve (AUC) of the receiver operating characteristic (ROC)
curve is a metric for comparing the performance of the MaxEnt and Random Forest
models. AUC values range from 0 to 1, and higher AUC indicates that the prob-
ability of a random positive (presence) instance and a random negative (non-pres-
ence) instance are correctly ordered by the classifier. Generally, an AUC of 0.7 or
greater is indicative of a good model (Phillips et al. 2005). An AUC of 0.5 is con-
sidered random prediction while an AUC of 1 is rare and may indicate overfitting.
In other words, a higher AUC indicates that MaxEnt or Random Forests are good at
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distinguishing between presence and absence of regeneration. Because the models
were fit on presence-only data, positive instances are put ahead of negative in terms
of predicted probability. Both MaxEnt and Random Forest models can produce pre-
dicted probability of site suitability outputs and thus ROCs with AUC scores. Addi-
tionally, both model types were trained on the same presence-only response data.
Therefore, the AUC measures may be directly compared, the highest AUC generally
indicates the best performing model to be used in predicted probability/site suitabil-
ity raster creation.

Data Analysis

Summary statistics by species were calculated for each vegetative layer for TPA;
basal area per acre (sq.ft/ac) was calculated for the mid-story and overstory. The
overstory and midstory data were combined for summary statistics. To explore addi-
tional dynamics within the regeneration layer, we prepared an average TPA per spe-
cies table including per-species percentages of TPA regeneration at both 1 and 4.5
+feet along with the difference between those two percentages for each species to
understand how species are currently recruiting through initial height classes. Per-
centage difference of species recruitment between early height classes is of interest
because larger seedlings/saplings can serve as better predictors of future regenera-
tion potential (Sander et al. 1976; Loftis 2004; McWilliams et al. 2015; Harris et al.
2022).

We used the java-based desktop MaxEnt GUI (Phillips et al. 2005, version 3.4.4)
to run the MaxEnt models. The inputs were pre-processed to ensure compliance
with MaxEnt procedures (Phillips et al. 2005). Critical parameters that differed from
the default settings included the following: Iterations: 1000, Resampling: bootstrap
x 10; subsampling X 10, Regularization Multiplier: 2, and Training/Testing Split:
75/25%. We increased the number of iterations to 1000 to ensure that the model had
time to fully converge before producing an average result. We ran two resampling
schemes to compare the result — bootstrap and subsampling. We increased the regu-
larization multiplier from 1 to 2, avoiding possible overfitting by penalizing model
complexity, a common issue with MaxEnt (Phillips and Dudik 2008). Finally, the
model was run with these parameters for each species group including red, white,
chestnut, and the category “other oaks”, which included black and scarlet oaks.
The resulting ROC/AUC from the best model, variable response curves, and jack-
knife significance charts were saved for presentation and interpretation in the results
section.

R (version 4.2.2) was used to assemble the code for the Random Forest model for
each species group. Before running the models, predictor variables that exhibited
collinearity to the response variable were removed from the dataset. The predictor
variable dataset included non-highly correlated understory variables in addition to
mid- and overstory variables and site characteristics.

Finally, the AUC of each model type run was collected and plotted on a dot plot
to easily visualize and understand which model performed the best for each species.
The models with the highest AUC were then selected for creation of site suitability
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rasters for the entire study area. The resulting rasters were imported into ArcGIS Pro
and assigned a coordinate reference system of NAD 1983 (2011) State Plane North
Carolina FIPS 3200 (US Feet). Additional information including ROC charts, vari-
able response curves, and jackknife significance charts were explored to identify the
most important variables and how species respond to individual variables. Impor-
tantly, the MaxEnt variable response curves have been linked with the published
silvics for each species.

Results
Existing Conditions

There were 29 tree species present, five of which were oaks; the five oak species
included white, northern red, chestnut, black, and scarlett. Average midstory and
overstory densities and BA were 155 TPA (£ 5.5 TPA) and 157 ft?/ac (+ 4.1 ft*/ac),
respectively. Oaks represented 13% of TPA (21 +2.3 TPA) and 21% of BA (33 +3.1
ft*/ac) and, on average, were not the dominant species in the overstory and midstory.
Yellow poplar and red maple were the dominant species in the mid and overstories.
Yellow poplar averaged 44 TPA (+ 3.8 TPA) or 29% of TPA and 64 ft*/ac (+ 4.5 ft¥/
ac) or 41% of BA, while red maple averaged 29 TPA (+ 3.1 TPA) or 19% of TPA
and a BA of 19 ft*/ac (+ 1.9 ft*/ac) or 12% of BA. Total average regeneration was
1978 TPA (+ 32.2 TPA) across all species and height classes, 284 TPA (+ 5.6 TPA)
across all non-oak hardwood species at 4.5 +feet, and 17 TPA (+ 1.6 TPA) for oaks
at 4.5 +feet (Table 1).

The diameter distribution (4-inch classes) indicated a reverse-J shaped diam-
eter distribution (Fig. 2). The smaller DBH classes from 6—14 inches (15.2-35.6
cm) included a greater number of species present (with 24 out of 29 species pre-
sent across the study area) and were primarily dominated by red maple (22%) and
yellow poplar (21%) followed by hickory (8%) and American basswood (8%). The
middle diameter classes from 15 to 30 inches (35.7-76.2 cm) included 24 species
and were primarily dominated by yellow poplar (47%). The larger diameter classes
from 31-42 inches (76.3—-106.7 cm) included eleven species and were primarily
dominated by yellow poplar (39%) and northern red oak (26%). The largest diameter
classes greater than 42 inches (106.8 cm) only contain northern red oak. The num-
ber of unique species present on this site decreased as diameter class size increased.
In the larger size classes, the proportion of yellow poplar increased.

Oak regeneration was abundant, but a lack of seedlings in the largest size class
suggests a regeneration gap (Table 1). Total TPA for oak advance regeneration seed-
lings range from 4 to 356 with an average among all oak species of 165 TPA (+
72 TPA). Regeneration TPA of oak species across the site is highly variable with
northern red oak and chestnut oak showing the greatest stem density with total aver-
age TPA of 356 (+ 44) and 298 (+ 54), respectively. However, there were only an
average of 18 TPA (+ 1.6) in the 4.5 +feet category. Oaks comprise approximately
60% of the proportion of 1-foot seedlings, but only 5.9% of the 4.5 + foot seedlings.
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Fig.2 Diameter distribution graph (4-inch class) representing the mid- and overstories as of August
2023. This figure shows the top 10 species by average total TPA plus the additional oak species outside
of the top 10. The other category includes 17 species common to the area but not dominant in the over-
story

Model Comparisons and Relationship to Environmental Variables

MaxEnt (bootstrap), MaxEnt (subsample), and Random Forest were run for each of
the species and compared using the area under the curve (AUC). The best models for
every species were the bootstrapped MaxEnt models. These models exhibited higher
AUC measures than the MaxEnt subsampled and Random Forest models (Fig. 3).
The model with the highest overall AUC is the white oak MaxEnt (bootstrap) model
with an AUC of 0.915. In general, the MaxEnt models, bootstrap and subsample,
performed better than the random forest models; all MaxEnt models had an AUC
score greater than 0.7 except for MaxEnt (subsample) for the other oak category.

In general, across the different MaxEnt models and species, ecozones, soil type,
or soil acidity (pH) were considered important variables (Table 2). The chestnut oak
MaxEnt bootstrap model substituted ecozones for aspect (northness).

The test of variable importance (Fig. 4) included three iterations of the models
to determine significance: one with all variables, one with a single variable, and
one with all but one variable. For northern red oak, chestnut oak, and the category
“other oak,” ecozone was the most important variable; while for white oak soil type
was the most important.

Variable response curves show how each environmental variable affects the Max-
Ent prediction along the gradient or category of the individual variable (Table 2,
appendix 2). All species exhibited greater suitability in higher pH but still acidic
(pH <7) and well drained, loamy soils. The pH range within the study area was
from 4.5—6.2 meaning the soils were generally acidic yet all oak species of interest
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Fig. 3 Area under the curve (AUC) scores for the three compared models. The MaxEnt Bootstrap models
exhibited the highest AUC across each species group while the Random Forest typically exhibited the
lowest AUC across each species group. The exception is in the Other Oak species group where the Ran-
dom Forest exhibited slightly improved AUC versus the MaxEnt Subsample replication model

show greater suitability as acidity approached the 5.3-5.4 pH level. Individual spe-
cies suitability was variable among ecozones and soil types. For example, northern
red oak has greater suitability in ecozone types which include northern hardwood,
rich cove, and high elevation red oak (HERO), with any other ecozones providing
lower suitability. Northern red oak tolerates soils of low pH although soils with
higher pH are also suitable. Preferred soil types include Edneyville-Chestnut com-
plex, basin, 15 to 30 percent slopes, stony (EdD), Cecil Sandy Loam, Thin Solum,
25 to 60 percent slopes (CuF), and Tunbridge-Woodstock fine sandy loams, very
rocky, 3 to 8 percent slopes (TwB).

Discussion

We used data from the Nantahala National Forest to assess current oak regenera-
tion and MaxEnt and Random Forest models to predict locations with high suit-
ability for oak regeneration. This is important because securing advance regen-
eration is critical to the success of the regeneration process (Sander et al. 1984).
Our results showed that oak advance regeneration exhibited decreasing TPA with
increasing height across the study area. Similar results have been observed in
other oak ecosystems (e.g. Beck 1970; McGee and Hooper 1970; Johnson 1992;
Van Lear and Watt 1993; Aldrich et al. 2005; Dey 2014; Vickers et al. 2023
and citations within). Likewise, we predicted and mapped high-potential oak
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Table2 Top 3 variables for each species with percentage contributions toward model prediction and sub-
sequent response curve interpretations for each species

Species Top 3 Variables & Responses
N. Red Oak - Ecozone (33%): Northern Hardwood, Rich Cove,
High Elevation
Red Oak (HERO)

-pH (31%): 5.3 +
- Soil type* (13%): EdD, CuF, TwB

White Oak - Soil type* (48%): EdC, StE, TrF
- Ecozone (23%): Dry-Mesic Oak, HERO, Northern
Hardwood
-pH (15%): 5.4 +
Chestnut Oak - Soil type* (42%): EVF, EdE, EdD

-pH (26%): 5.4 +
- Northness (13%): Northerly

Other Oak (Scarlet and Black) - Ecozone (36%): Rich Cove, Dry-Mesic Oak,
HERO

- Soil type* (32%): EVE, EdE, EvD
-pH (26%): 5.3 +

*Soil Types Include

CuF Cullasaja-Tuckasegee complex, 50 to 95 percent slopes, stony; EAC Edneyville-Chestnut complex,
8 to 15 percent slopes, stony; EdD Edneyville-Chestnut complex, high precipitation, 15 to 30 percent
slopes, stony; EJE Edneyville-Chestnut complex, high precipitation, 30 to 50 percent slopes, stony; EvD
Evard-Cowee complex, 15 to 30 percent slopes; EVE Evard-Cowee complex, 30 to 50 percent slopes;
EVF Evard-Cowee complex, 50 to 95 percent slopes, stony; SrE Spivey-Santeetlah complex, 30 to 50
percent slopes, stony; TrF Trimont gravelly loam, 50 to 95 percent slopes, stony; TwB Tuckasegee-Whi-
teside complex, 2 to 8 percent slopes

regeneration locations with MaxEnt models that were validated and are robust
with respect to their underlying assumptions. In general, the areas of priority
for each species exhibit similar but different trends and generally align with the
known silvics (Table 3) (Burns and Honkala 1990; Fei and Steiner 2008). This
has implications for oak silviculture and stewardship which are currently facing
the challenge of forest mesophication (Alexander et al. 2021).

Oak regeneration failures and limitations have been well documented (e.g. Vick-
ers et al. 2023). The success of oak regeneration is highly dependent upon the
abundance, size, and distribution of oak advance reproduction (Sander et al. 1984).
As a result, scientists and natural resource managers are noting the importance of
collecting height-class regeneration data to inform both regeneration and recruit-
ment (Vickers et al. 2019). We observed 621 TPA of oak regeneration in the seed-
ling class (1-foot seedlings) of northern red and chestnut oaks; greater numbers of
regeneration was linked to the availability of suitable sites, allowing greater oppor-
tunities for advance regeneration to occur and accumulate (Larsen and Johnson
1998). Other studies have noted greater numbers of northern red oak regeneration
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Fig. 4 MaxEnt (bootstrap replication) site suitability maps for each species group in the study area. Pre-
dicted probability of site suitability is symbolized in quarter sections from blue (low suitability) to yel-
low (high suitability)

and the link to mast years; northern red oak density was fivefold greater during a
mast year in eastern New York compared to the previous year (Abrams and Johnson
2013). However, this will require conducting mast surveys as there is low potential
for many oaks to use dendrochronology to infer masting records (Patterson et al.
2023). However, recent germinants or small oak seedlings have a very low prob-
ability of recruiting (Sander et al. 1984; Vickers et al. 2023). We also observed
limited number of saplings (> 4.5 ft) which is likely due to high competition with
mesophytic species (e.g. maples and yellow poplar) on richer sites (Larsen and
Johnson 1998).

White oak regeneration, recruitment, and production for timber is increasingly
being prioritized (e.g. Dhungel et al. 2024). Within our study, we observed that
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white oaks are likely accumulating advance regeneration in the short term slightly
better than the other oaks because they are more shade tolerant and are typically
found among drier, less rich sites that allow less restricted accumulation due to
fewer impacts of forest mesophication (Larsen and Johnson 1998). Additionally,
on the drier sites, there are typically fewer competing species meaning oaks can
occupy more growing space. Black and scarlet oaks are not effectively accumulating
advance regeneration due to their relative shade intolerance and scarcity and lack of
adequate canopy disturbance (Nowacki and Abrams 2008). Even if large advance
reproduction is present, forest mesophication may severely limit its recruitment
(Nowacki and Abrams 2008; Alexander et al. 2021).

This regeneration issue has many other co-drivers in addition to forest mesophica-
tion including stand age, herbivory, forest health threats (e.g. spongy moth (Lyman-
tria dispar), general oak decline due to invasive species (Potter and Conklin 2023)
and the compounding impacts of climate change (Nowacki and Abrams 2008; Vick-
ers et al. 2023). Though ungulate grazing (herbivory) heavily impacts some sites,
the stands examined within this study were not heavily impacted by ungulate graz-
ing (Author personal observation 2023).

MaxEnt was successful in modeling species-specific priority areas based on site
suitability (Fig. 4). These highly suitable areas have been modeled from the pres-
ence of oak at any size class and not just regeneration. Thus, the resulting maps rep-
resent realized niche with probability for presence of oak in any stratum and/or envi-
ronmental characteristics conducive for oak. This suggests that these areas of higher
probability either already contain or are well suited for oak regeneration and/or gen-
erally for oak silvicultural treatments. Those areas with high suitability would have a
higher likelihood of regenerating oaks using oak-focused silvicultural systems. Fur-
thermore, most of the high suitability areas across all species are accessible upon
the existing network of Forest Service roads with some exceptions in particularly
remote or steep areas. Additionally, the most important site exploratory variables
from the models included ecozones, soil pH, and soil type which align with the gen-
eralized silvics of oak seedling; they are moderately shade tolerant and slower grow-
ing, and rely upon their tolerances to drought and acidity to capture growing space
in absence of disturbance.

Oak tolerance to acidity was captured in the models as soil pH was an important
variable in modeling oak advance regeneration sites in both this study and Kabrick
et al. (2014). However, a difference is that the relative training gain provided by soil
available water capacity (AWC), as found to be a critical variable in the Kabrick
et al. 2014 study, was not as important in these models. One reason why AWC was
less important may be explained by the regional soil characteristics. These soils, on
average, do not face water deficit, meaning that precipitation always exceeds evapo-
transpiration plus water stored in soil. Thus, drought tolerance is not as important
when modeling for regeneration potential within the study area. Additional descrip-
tive, categorical inputs such as soil type and ecozones which were used in this study
but not by Kabrick et al. (2014) can be important variables to consider depending on
the ecosystem.

Climate change is another factor that was considered in the potential impacts
on site suitability across species. To address this consideration, the range of each
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species was checked for potential impacts under each emissions scenario in the
USDA Climate Change Atlas (Table 3) (Peters et al. 2020). According to the Atlas,
the range and resilience of each species will not be heavily impacted, if at all, under
projected emissions scenarios based on an average of three global climate models
(GCMs) under both moderate (RCP 4.5) and high (RCP 8.5) emissions scenarios
(Peters et al. 2020). Peters et al. (2020) noted the species of interest are unlikely to
be heavily impacted throughout the study area as their range limits extend far beyond
the area. However, Novick et al. (2022) using a meta-analysis did observe differ-
ences among oak species and their range of growth and mortality under drought
conditions with white oak growth least sensitive to drought conditions which is also
supported through our modeling. There exist additional opportunities for science
management partnerships to explore and test future projected changes in the sea-
sonal water balance and how longer dry periods may result in greater water deficits
and the potential for the accumulation of oak advanced regeneration.

These results help link the MaxEnt output to the published silvics and offer addi-
tional variables to consider when selecting species-specific suitable sites such as soil
types and ecozones (Table 3). Currently, because ecozones are used as the primary
ecological stewardship unit on the Nantahala National Forest, understanding pos-
sible site characteristic-species relationships is important for effective stewardship.
While ecozones are valuable for landscape-scale understanding of expected for-
est cover-type, they do not consider soils as a covariate when determining ecozone
sub-types (Simon 2011). Additionally, ecozone and other classification methods
like habitat typing are assumed to be “stable” or “static” which may not be a valid
assumption with climate change and invasive species (Cook 1995; Matthews et al.
2018) Thus, a main importance of this study is that the MaxEnt models utilize both
ecozones and soil characteristics to model oak-species-specific site suitability which
builds on the ecozones as an input and primary contributing variable in modeling
landscape-level expected conditions.

Some limitations of our study are related to the models used. Maxent tends to
be biased towards areas of site selection (generally, suitability tends to correlate
with sampling intensity/spatial correlation of sampling sites) (Veloz 2009). This is
because of the way Maxent selects a random set of points as background pseudo-
absences (mismatch between randomly selected background points and nonran-
domly sampled sites). Additionally, training and testing of the models included low
sample sizes for the “other oak™ category. A total of 12 sample plot points where
seedlings were present, 9 for training and 3 for testing, despite MaxEnt being
designed to handle low sample sizes, may produce misleading results due to the
small number of training and testing points (Wisz et al. 2008). Subsequently, lower
sample sizes increase the amount of area considered “low suitability,” whereas in
reality these areas of low suitability simply were not sampled. In other words, if the
field data collection points do not sample all possible environmental variable types,
then these areas will be incorrectly classified as unsuitable when in reality many of
the sites may or may not actually be suitable. For example, the northwest section of
the study area for each species appears to be highly unsuitable. However, this was
due to a lack of sample points within that section, and the associated unique soil
types which were not represented in the field data sampling and data are needed to
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model suitability within the northwest section. Finally, independently-collected data
for map validation could be used at a local scale (Smith et al. 2012; Gogol-Prokurat
2011), with the goal of these maps being iterative and updated with additional data
to continue to inform and refine management on the Nantahala National Forest.

A few unanswered questions include why exactly the MaxEnt subsample and
Random Forest models did not perform as well as the MaxEnt bootstrap models.
One possible explanation for why the subsampled model did not perform as well
is that subsampling reduces the number of presence-points used to train/test which
may explain the drop in performance over the bootstrap model which does not
reduce the number of presence-points used. Furthermore, this decrease in AUC may
be attributed to potential spatial autocorrelation of the field sampled data points
which is effectively captured in the bootstrapped model. In the subsampled model,
the data points are effectively thinned potentially reducing the performance. One
possible explanation for why the Random Forest model did not perform as well as
the bootstrap model is that predicted site suitability for oak in the study area was not
well approximated by sets of decision trees.

Management Implications

The maps developed in our study can be used to inform management decisions. Oak
silviculture area priority could be given to map areas that exhibit high suitability for
oak, followed by moderate suitability (Fig. 5). Areas of high or moderate suitability
had either preexisting advance regeneration or a lack of advance regeneration but
highly suitable site characteristics (e.g., soil type, acidity, etc.). Areas with the high-
est probability of presence/site suitability for a given species might be overlaid with
other critical layers such as stand boundaries, wildlife refuges, management matrices,
exclusion zones, forest roads, riparian corridors, land cover, topography, etc. to further
improve maps of potential oak stewardship opportunity (i.e., by excluding areas where
access and/or management activities are challenging or prohibited). These results are
based on our data and, caution should be taken when extrapolating the relative impor-
tance of predictor variables to oak regeneration outside of our study area where envi-
ronmental conditions may be different. Both the methods and the partnership approach
could be replicated in different regions and with different species.

Silvicultural systems and early-intermediate treatments that benefit oak can influ-
ence species composition and recruitment, helping to target and favor oaks and alle-
viate the regeneration issue (Sander 1984). As demonstrated by Brose (2010), oak
may persist, but its relative abundance compared to more competitive, mesophytic
species often remains low. Beasley et al. (2022) further emphasize the complex-
ity of interpreting oak regeneration success, highlighting that site productivity and
treatment history greatly influence outcomes. Additionally, Schweitzer et al. (2019)
provide relevant insights from thinning and repeated burning treatments. The burn
shelterwood sequence (burning before for site preparation, then again after advance
regeneration is established) can control fire sensitive species, while oaks can resprout
from their robust rootstock, allowing oaks to regenerate with less competition (Van-
der Yacht et al. 2019). In other words, once adequate oak advance regeneration is
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secured, canopy removals can be performed to allow recruitment. However, this
burn, or series of burns, is usually coupled with intermediate mechanical or chemical
control of non-desirable species, since intolerant species like yellow poplar and red
maple grow quickly and can outcompete oak even with prescribed fire early in stand
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development (especially after many years of fire exclusion) (Nowacki and Abrams
2008; Alexander et al. 2021). Importantly, fire is not universally effective at reducing
fire-sensitive oak competitors (Arthur et al. 1998, 2012). As such, there is a grow-
ing body of oak regeneration research that continues to communicate the nuance and
variability associated with treatment effects across different forest types.
Intermediate treatments may prove most useful from the stand initiation through
the stem exclusion phases (Edge et al. 2023). Adaptive methods such as variations
on the shelterwood-burn system or other intermediate treatments such as herbicide
stump/sprouting treatments for mesophytic species may also be effective (Dey et al.
2012, 2017). Thus, a more intensive approach could be considered to maximize
potential success with limited resources. This intensive approach aligns well with
the silvicultural definition provided by Achim et al. (2022), “a holistic scientific dis-
cipline that relies on many data points or dimensions of measurements throughout
the forest lifecycle, allowing it to be highly dynamic and adaptive to rapidly chang-
ing social, financial and climatic constraints.” Expanding on the heavy-removal,
two-aged shelterwood cuts—typically applied uniformly across a stand, which has
been implemented on the Nantahala National Forest for many years—to include
shelterwood removals that contain variable density retentions for increasing diver-
sity in light/shading conditions may prove to be initially challenging. Despite the
potential challenges of adapting to more intensive stewardship regimes, site-prior-
itized stewardship can be a first step toward successfully reconnecting with effective
regimes of the past, such as fire, while maintaining and restoring oak ecosystems.
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