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Abstract of Thesis

EFFECTS OF SHELTERWOOD AND PATCH CUT HARVESTS ON A POST
WHITE-NOSE SYNDROME BAT COMMUNITY IN THE CUMBERLAND
PLATEAU IN EASTERN KENTUCKY

The impact of shelterwood and patch cuts harvests on bat communities was tested at three
sites in Eastern Kentucky. Shelterwood harvests had 50% of the basal area and understory
removed to create a uniform spacing of residual trees. Patch cuts had 1-hectare circular
openings created to remove 50% of the basal area creating an aggregated spacing of
residual trees. Acoustic detectors were deployed to assess activity levels pre-harvest. Sites
were then sampled from 1 — 2 years post-harvest to determine differences. Pre-harvest data
revealed little acoustic activity for the Myotis spp. at two sites. The remaining site had high
activity of Myotis pre-harvest. All sites saw a large increase in bat activity post-harvest.
Activity of low-frequency and mid-frequency bats increased in response to the harvests.
Big brown and red bats were commonly captured within forest harvests. Tri-colored bats
also captured, suggesting forest harvests could improve habitat. Myotis activity did not
increase post-harvest at the site with a known population. Netting efforts revealed a
remnant population of northern long-eared bats (Myotis septentrionalis). These bats were
radio-tagged and tracked to day-roosts. All day roosts were in upslope habitats within 100
m of forest roads created for maintenance and logging operations.
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Introduction

Bats in eastern Kentucky are all insectivorous. Species present in the region include big
brown bat (EPFU, Eptesicus fuscus), evening bat (NYHU, Nycticeius humeralis), eastern
red bat (LABO, Lasiurus borealis), hoary bat (LACI, L. cinereus), silver-haired bat
(LANO, Lasionycteris noctivagans), tri-colored bat (PESU, Perimyotis subflavus),
northern long-eared bat (MY SE, Myotis septentrionalis), Indiana bat (MY SO, M.
sodalis), little brown bat (MYLU, M. lucifugus), eastern small-footed bat (MYLE, M.
leibii), Rafinesque big-eared bat (CORA, Corynorhinus rafinesquii), and Virginia big-
eared bat (COTO, C. townsendii virginianus). Bats utilize echolocation in a variety of
ways and thus have several different types of calls. Search phase calls are used to
navigate on the landscape and members of the same species typically exhibit the same
pattern when they navigate. Characteristics such as duration, Fmax, Fmin, Fmean, and shape
of echolocation calls help in determining species identification (Britzke et al, 2011).
These calls vary across regions and several dialects can occur throughout a species range.
However, each species can produce a wide range of calls beyond its typical pattern,
confounding call identification among sympatric, non-related bats.

Bats use other types of calls to communicate between individuals. Social calls
communicate information such as roost locations and prey sources. Pfalzer and Kusch
(2003) found four types of calls. One type of call functions in communicating
information between infants and mothers. These calls assisted in tandem flights and
might function to communicate feeding site and roost locations. A second type of call is

used to attract mates. A third is used by hindered or distressed bats. A final call is used in



aggressive interactions. This type of call can be used to inhibit feeding activity of other
individuals.

Insectivorous bats reduce the time between calls when approaching prey. This
pattern occurs for all species and is called a feeding buzz. Bats capture prey by primarily
two approaches. Insects can be captured during flight in the mouth, chiropatagium (wing
membrane) or uropatagium (tail membrane). This method is commonly referred to as
‘aerial hawking.’ Insects can also be captured from vegetative and ground surfaces, a
behavior known as gleaning. Although many insectivorous bat species show a preference
for one method over the other, most are capable of feeding by both approaches.

Insectivorous bats are often divided into feeding guilds, based on their low,
medium, and high call frequencies, especially the Fmax (i.e., maximum frequency
produced) of their calls. Low-frequency bats (open-space foragers) include hoary bat, big
brown bat, and silver-haired bat. Low frequency calls travel farther than high frequency
calls, permitting these bats to forage effectively within open air space away from forest
clutter. Rafinesque’s big-eared bat and Virginia big-eared bat also have low frequency
calls; however, these species are gleaners that specialize on the capture of insect prey
(primarily moths) from the surface of rocks and vegetation. Consequently, the use of low
intensity calls by these bats are inaudible to many moth species and are also difficult to
detect using acoustic devices. Medium-frequency bats (edge-space foragers) include
eastern red bat, evening bat, and tri-colored bat. These species have intermediate call
strength and intensity allowing these bats to feed in a variety of habitats, including forest
edges. The Myotis species, Indiana bat, little brown bat, northern long-eared bat, and

eastern small-footed bat, are high-frequency bats (closed-space foragers) which can



successfully feed in micro-habitats with more vegetative clutter. These species are
commonly associated with forested habitats. Of these species, the northern long-eared bat
and eastern small-footed bat also use gleaning behavior to capture insect prey. As with
Corynorhinus species, these bats emit calls of low intensity and use passive listening for
insect generated sounds to aid in the capture of prey (Faure et al., 1993).

Flying and maintaining normothermic body temperatures is energetically
expensive. The high surface area to volume ratio of bats further increases their energetic
demands. Insectivorous bats compensate for their high energy requirements by choosing
roosts to passively rewarm, using the microclimate they roost in to influence their return
to a normothermic condition. As an additional step bats can use torpor. Torpor allows
bats to lower their body temperature to limit energy consumption. Females use and
modulate these behaviors to allocate greater energy stores to fetal development and
juvenile growth rates (Chruszcz and Barclay, 2002).

During the diurnal period of each day most forest-dwelling insectivorous bats
occupy roosts to access predictable temperature regimes, to protect themselves from
predators, and for protection from inclement weather. Foliage-roosting species, such as
the eastern red bat, hoary bat, and tri-colored bat, typically roost within the canopy of
trees, often associated with clusters of dead leaves or needles. Female hoary bats and
eastern red bats have between 2 to 4 pups each year and roost solitarily. Tri-colored bats
also have 2 pups per year, but are more communal in their roosting behavior, with several
reproductive females gathering together to form small maternity colonies. Male silver-

haired bats summer in Kentucky and also use trees and stumps for roosting. A majority of



these bats, however, do not reside in Kentucky during the winter months and briefly
migrate through the state during early-summer and autumn (Perry ef al., 2010).

Corynorhinus species roost in caves, bridges, attics, and trees. Females form
maternity colonies and males form bachelor colonies that are separate from maternity
sites. These bats only have a single pup per year and are more often associated with
forests near cliff habitats in eastern Kentucky. Because they are moth specialists,
evidence of their feeding habits can easily be discerned as these bats often carry their
prey back to roosts to eat where they discard the elytra and other inedible parts to the
floor of the roost.

Big brown bats form maternity colonies in trees and a variety of structures
including bat boxes and attics. They have one to two pups per year. Females of the
species can form large maternity colonies exceeding several hundred individuals. Males
often form bachelor colonies but can also be found with females in maternity roosts. The
pups take about a month to reach volancy. Evening bats roost in a variety of structures
including trees, buildings, and bat boxes, but are most often found in the cavities of trees.
They produce twins or triplets.

The Myotis species in eastern Kentucky all give birth to a single pup. Eastern
small-footed bats are strongly associated with talus slopes, cliffs and other rock features.
Females form small maternity colonies within these structures. Indiana bats roost beneath
bark in dead or living trees, but occasionally are found in bat boxes. Extensive research
has shown these bats prefer areas of high solar exposure. Maternity colonies can contain
up to several hundred individuals, while males roost singly or in small bachelor colonies.

Little brown bats roost in anthropogenic structures such as attics and barns. Occasionally



they are located in trees under bark or in cavities, and have been found roosting in
association with other Myotis species. These bats form small to large maternity colonies
of up to several hundred individuals. Northern long-eared bats roost under the bark of
dead trees, in bat boxes, and within small tree cavities. These bats form smaller maternity
colonies, usually from 25 to 50 females. Landscape-scale studies show these bats are
often associated with large tracks of interior forest where minimal edge habitat exists.

Insect prey is less available during winter months. Bats in eastern Kentucky either
migrate to areas with weather that is typically above freezing or make shorter movements
and hibernate in nearby caves and mines. Hoary bat, silver-haired bat, and some eastern
red bats migrate extensive distances during fall to warmer areas. Silver-haired bats
hibernate within tree stumps, cliffs, or buildings. Eastern red bats hibernate within the
foliage of leaves or on the forest floor within leaf litter. Hoary bats remain active
throughout much of the winter after arriving to warmer climates including the southern
United States where food supplies remain available during winter months. Little is known
about evening bats during winter, other than they do not hibernate in caves, and it is
likely that they migrate south only to roost in trees during winter as well.

Indiana bat, little brown bat, northern long-eared bat, eastern small-footed bat, tri-
colored bat, big brown bat, Virginia big-eared bat, and Rafinesque big-eared bat typically
migrate short distances to caves, mines and rock outcrops to hibernate from November to
March. Although migrations can be over 220 km (Roby et al., 2019). Rafinesque’s big-
eared bats arouse during hibernation and are known to frequently switch roost locations
throughout winter. Myotis species, big brown bat, and tri-colored bat put on larger

amounts of fat reserves prior to hibernation and periodically arouse to drink, void their



waste, and recharge their immune system function; although feeding can occur during
warm periods.

White-nose syndrome was first discovered in Howe’s Caverns in upstate New
York in 2006. With a likely origin from Europe, the disease has been spread by both bats
and people. People transmit the disease by carrying fungal spores on clothing and gear
between caves. Bats carry the spores in their pelage as they move among different cave
systems during fall swarming, hibernation, and spring staging. These transmission
methods have facilitated the spread of the fungus across North America within the last 14
years. It is likely the disease will eventually spread throughout the continent. Previously
common bat species, including little brown bat and northern long-eared bat, have been
decimated by the fungus with mortality numbers in the millions.

Psuedogymnoascus destructans is the fungus responsible for white-nose
syndrome. The fungus is a saprotroph that opportunistically infects bats (Raudabaugh and
Miller, 2013). The disease is named for the white hyphae of the fungus that often occur
on the muzzle of bats. The fungus causes flaking of the skin along the forearms of the
wings and necrosis of wing tissue in later stages. The fungus optimally grows from 12.5
to 15.8 °C with an upper limit of growth at 20 °C (Verant ef al., 2012). Various
physiological impacts from the fungus results in more frequent arousal of bats causing
them to burn necessary fat reserves, become dehydrated, and exhibit excessive immune
response often resulting in death. The fungus can persist and reproduce in caves without
bats, and has likely become a permanent resident in North American caves.

Little brown bat, northern long-eared bat, tri-colored bat, and Indiana bat are

species severely impacted by the fungus (Thogmartin ef al., 2013; Vonhof et al., 2015,



2016; US Department of Interior, 2015; USFWS, 2019). These species often hibernate in
micro-sites that possess optimal growth conditions for the fungus, cluster during
hibernation facilitating spread of the fungus, and/or have insufficient fat reserves to
sustain multiple arousals from the fungus. Death rates have varied throughout ranges and
populations, but have been as high as 98% in some hibernacula in eastern U.S. Evidence
post-arrival of white nose syndrome suggests the disease has reshaped the bat
communities of eastern North America.

Individual bats that have survived the initial impact of the fungus are adopting
alternative hibernation strategies including hibernating in alternate roosts (i.e., basements,
hollow trees, culverts, railroad tunnels, and bridges), reducing cluster size which
minimizes spread of the fungus within hibernacula, and moving to warmer or cooler
microclimates within cave systems. Some populations are evolving resistance to the
pathogen (Frank et al., 2019), with larger body mass associated with many survivors.
Recently, local populations of bat species in infected areas are beginning to increase or
stabilize (Reichard et al., 2014, Dobony and Johnson, 2018). Regardless, these
populations remain vulnerable, are poorly documented, and possess low reproductive
rates that will take decades to recover.

Amelon (2007) found that little brown bats were positively associated with
bottomland forest, water sources, and negatively associated with heavily trafficked roads
and non-forested lands. Starbuck et al., (2015) found northern long-eared bats were
associated with pole-stage, closed canopy forests with understory clutter and water.
Amelon (2007) found northern long-eared bats were positively associated with dense,

cluttered forests, water, and larger mature forests. They were negatively associated with



non-forested habitat and young forests. Yates and Muzika (2006) found northern long-
eared bats were detected in areas with limited forest edge. Starbuck et al., (2015) found
tri-colored bats were found on forest dominated landscapes in areas which were recently
burned. Amelon (2007) found tri-colored bats were positively associated with forested
habitat with limited clutter and water. They were negatively associated with non-forested
habitats and young, cluttered forests. Yates and Muzika (2006) found tri-colored bats
were found in areas with scattered large trees, high canopy closure, and substantial
understory vegetation at 2-3 m. Womack et al., (2013) found that Indiana bats forage in
areas of high canopy cover. These bats preferentially chose to forage in forested areas
instead of agricultural areas. Yates and Muzika (2006) determined Indiana bat presence
was associated with larger woodlands mixed with open habitats.

Following white-nose syndrome, other trends were also observed. Pauli et al.
(2015) saw a trade-off between foraging and roosting habitat. Medium to high-intensity
removals of single-tree selection harvests maximized both foraging and roosting habitat
for northern long-eared bats and Indiana bats by creating openings. Removing all forest
harvests would negatively impact bats by minimizing openings within forests. Jachowski
et al. (2014) concluded competition influenced temporal and spatial activity of bats. The
loss of little brown bats and northern long-eared bats appeared to result in a shift in
activity of big brown bats.

Brooks et al. (2017) found insect prey and bats did not response to different sizes
of openings, either small 0.2 - 6 ha, medium 2.1 - 5.6 ha, or large 6.2 - 18.5 ha. Big

brown bat, eastern red bat, and tri-colored bat were frequently found within openings.



Mpyotis made up only 2% of the calls, where previously the little brown bat had comprised
25% of recorded calls.

Northern long-eared bats, in particular, tend to avoid foraging in open spaces.
Owen et al. (2003) found that northern long-eared bats preferred foraging within
diameter limited harvests and road corridors; however, they also made use of the
extensively available intact forest. Henderson and Broders (2008) found that northern
long-eared bats predominately foraged in riparian areas within dense forests. Their
foraging and commuting in agricultural areas were focused on linear features such as tree
TOWS.

This study compares two silvicultural techniques commonly used in regeneration
of forests, shelterwood harvests and patch cuts, to assess if commercially viable harvests
could benefit bats. Shelterwood harvests are a silvicultural technique used in
regeneration. Trees are harvested and the mid-story and clutter are removed. A certain
basal area of trees is retained, 50% of the commercial timber volume in this study, in
order to shade the forest floor or provide seeds. The cuts are uniform in nature and
provide an open environment for bats to feed (Lacki et al. 2007). No site preparations
occurred.

Patch cuts are another silvicultural technique used in regeneration. In this study,
50% of the commercial timber volume within the treatment area were harvested in small
circular groups a hectare in size. All trees within these groups are removed. These gaps
mimic natural disturbance and allow shade intolerant species to grow by increasing light
exposure. Unlike the uniform shelterwood harvests the disturbance in patch cuts is

aggregated in small pockets and surrounded by intact forest. These pockets provide large



amounts of edge habitat for bats to feed (Lacki ez al. 2007). No site preparations
occurred.

Although other studies on silviculture practices such as patch cuts and
shelterwood harvests have been performed, my study provides replication across multiple
study sites across two physiographic regions. For my study, patch cuts and shelterwood
harvests were implemented in three field sites. I hypothesized these harvests would cause
different responses between feeding guilds of bats. Low frequency echolocators,
including big brown bat, hoary bat, and silver-haired bat should be attracted to cuts. The
open space presented in both forest harvests should provide enhanced foraging space
because it has lower amounts of clutter. Medium frequency echolocators, such as evening
bat and eastern red bat, should be attracted to the edges of cuts. Patch cut harvests should
be more attractive than shelterwood or unharvested forest to these species. Myotis species
should have a negative response to the harvests because the clutter is being removed from
the environment. However, in post-WNS communities this could be difficult to test due
to the low number of Myotis species present within the region.

These hypotheses were evaluated with a combination of several techniques:
acoustic monitoring, light trapping, and mist netting. Acoustic monitoring provided two
metrics of data to evaluate activity, calls and pulses. Detectors were placed at ridgetop,
mid-slope, and riparian positions to discern any differences in activity levels. Light
trapping provided data on the prey base and was performed to offer a possible
explanation to account for any difference in bat activity levels demonstrated between the
different harvest conditions. Previous experiments have demonstrated prey may

aggregate at the edges of harvests which can be attractive to predators (Dodd et al. 2012).
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Mist netting was performed to confirm acoustic monitoring results and verify species
presence. In the event target Myotis species, Myotis septentrionalis or Myotis sodalis,
were captured tracking devices would be attached to collect data on roost locations.
Locating roosts would allow population levels to be evaluated and roosts protected.
Ideally, roosts would be located within the harvest location and protected during the

harvests to evaluate whether bats would roost within the forest harvests.

Study Areas

Three study areas (Figure 1): Robinson Forest (Big Laurel Ridge and Medicine Hollow
tract), private TIMO property (Beech tract), and Kentucky Ridge State Forest (Kentucky
Ridge tract), were established within the Cumberland Plateau and Cumberland
Mountains physiographic regions to study response of insectivorous bats to patch cut
harvests and shelterwood harvests. The eastern Kentucky region has elevations ranging
from 200 - 500 m (McGrain, 1983). The terrain is rugged and largely covered with
mixed mesophytic forests (Braun, 1950). Eastern Kentucky has sandstone cliffs and a
variety of caves formed from both the sandstone and limestone that occur throughout the
region (McGrain, 1983; Simpson and Florea, 2009).

Robinson Forest (Laurel Ridge tract)
Robinson Forest is located near Clayhole, Kentucky. The forest is situated between the
cities of Jackson and Hazard in the southeastern corner of the state. The main block of
Robinson Forest is approximately 4,047 ha and, in total, the entire Forest is nearly 6,070
ha. This forested landscape lies within Breathitt, Knott, and Perry counties. Robinson

Forest was purchased by E.O. Robinson and Fredrick W. Mowbray in 1908. The forest
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was then clear cut to extract the timber; harvesting of timber on the forest ended by 1922.
The land was donated in 1923 to the University of Kentucky agricultural department to
conduct research into improved logging practices, and to help educate the public of
eastern Kentucky (Krupa and Lacki, 2002).

The forest has been subjected to many types of disturbance throughout the years
including clear cutting, fires, mining, and invasion by exotic plant species (Krupa and
Lacki, 2002). Many settlers built homes illegally on the forest, with most evicted in the
1920’s and 1930’s. Evictions angered many of the settlers and arson, as a form of
response, has continued over the last 90 years, resulting in >80% of the forest having
been burned at some point in time (Krupa and Lacki, 2002). During the 1970’s, and again
in the 1990’s, mining companies have strip mined sections of the outer blocks of the
forest to procure coal (Krupa and Lacki, 2002). Even today the forest is experiencing
disturbance. Robinson Forest serves as a working forest used to execute a variety of
forestry experiments such as SMZ studies, wildlife clearings, and small harvests aimed at
determining best management practices for forestry (Krupa and Lacki, 2002). The forest
has a maintained road system which allows researchers to access study areas. A small
camp exists near the western end of the main block, with several log cabin buildings that
function as housing and dining facilities for research staff and other guests of the
University of Kentucky.

Despite the impacts of invasive plants, logging, fires and mining, the forest has
developed into a second growth mature forest with diverse plant and animal
communities. Forests are mixed mesophytic (Braun, 1950), typical of much of the

Cumberland Plateau. At the time of the study, bottomlands were mesic and comprised of
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maple (4Acer)-beech (Fagus)-poplar (Liriodendron) stands, with hemlock (7suga)-
Rhododendron communities interspersed. Mid-slopes supported oak-beech-maple forest,
and forest habitats on ridge tops, due to the xeric sandy soils, were comprised of oak
(Quercus)-pines (Pinus) or oak-hickory (Carya) stands. The different community types
and variations in stand age and composition on the forest, the latter as a result of the
extensive disturbance history, provided a complex mosaic of habitats for use by forest-
dwelling bats.

TIMO Property (Beech tract)
The Beech tract is named for its prominent stands of American beech (Fagus
grandifolia). The 121-ha study site is located 16 km east of Jackson, Kentucky, in
Breathitt County. The property is owned by Forestland Group, LLC. Historically, much
of the property was forested. The unharvested ridge tops were dominated by oak -hickory
stands, with riparian and mid-slope positions comprised of beech -oak -maple stands. The
study site possessed historic skid trails, but these were overgrown with trees and were
unlikely to function as flyways for bats. The landscape surrounding the study site was
open with sparse tree cover and open fields on all sides. A small farm still operated on the
property and had small openings in the previously forested landscape maintained for
several decades.

Kentucky Ridge State Forest (Kentucky Ridge tract)
The tract within Kentucky Ridge State Forest is a mixed mesophytic forest situated in the
Cumberland Mountains at the edge of the Cumberland Plateau in eastern Kentucky.
Located in Bell County, the forest is approximately 22.5 km southwest of Pineville. The

forest is managed by the Kentucky Division of Forestry. Kentucky Ridge State Forest is
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6,172 ha in size. The forest is managed for sustainable timber production, wildlife
habitat, and recreational opportunities (forestry.ky.gov). The study site is 121 ha in size
and adjacent to route 190. The landscape surrounding the study site is primarily forested,
with small patches of open space containing park facilities and private homes.

The study site had previously been harvested and now supports second growth
forest. Several old skid trails still exist throughout the forest. These trails were overgrown
by small trees and shrubs and, in some segments, were capable of functioning as flight
corridors for bats. The study site is bordered by an active ATV trail which is frequently
used by locals.

The study site had several distinct stand types. Bottomland forests were
dominated by mesic communities comprised of maple -beech -poplar, with hemlock-
Rhododendron stands interspersed. Ridge tops supported xeric communities comprised of
oak-hickory with an understory of mountain laurel (Kalmia latifolia). A nearly pure stand
of eastern hemlock (7suga canadensis) and rosebay rhododendron (Rhododendron
maximum) covered one of the ridge tops. Mid-slope communities were dominated by

bottomland species, with xeric oaks and hickories interspersed.
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Figure 1. Map of field sites in Kentucky. Laurel Ridge rests within Robinson Forest near
Buckhorn, KY, the Beech site is outside of Jackson, KY, and Kentucky Ridge is outside

of Pineville, KY.

Experimental Design

Each study site was approximately 120 ha in size. Within each study site, three ca. 40-ha
treatments included unharvested forest, patch cut harvests, and shelterwood harvests. For
each 40-ha patch cut harvest, approximately 23, 1-ha patch cuts, were delineated for
timber removal. Shelterwood harvests removed 50% of the basal area and cleared the
understory of woody vegetation throughout the treatment area.

The pre-treatment transects for acoustic sampling were established by dividing the
study area into three approximately equal units; each one to become one of three post-
treatments following timber harvesting, including shelterwood harvest, patch cut harvest,
and unharvested forest. Based upon the maximum length of each unit, a number was

randomly generated to select for the closest point to two predominant slope directions,

15

Jeology.c S50 KM 50

D US Highways

M B :". St e I
Bardv,tl adiz . {6&) 3 ,ﬁ_‘;
ﬂrllngk_tp 39’9”3“ ) Bie) Burkesylles *Konliceli T W _?F
rlia v ab,r n? Ej ) fankin Seotiswile P L G @ . Interstate Highways

Miles



i.e., north/south or east/west. The closest ridge top to each random point became the
starting point of each transect. The riparian point was placed adjacent to the closest
stream to the selected ridge top, with mid-slope points placed at an elevation halfway
between the riparian and ridge top points. Exact placement of the units was determined
from ground surveys. When possible, units were preferably located in the vicinity of
closed canopy roads, streams, and canopy gaps.

Pre-treatment acoustic sampling took place in summer 2015 at all three study
sites. Activity was monitored using Song Meter 3 units and SMU-1 microphones
(Wildlife Acoustics, Maynard, MA). The SM3 units were housed within pelican cases,
with microphones placed within PVC pipe and tied to a tree at 1.5-m aboveground
(Figure 2). Each location where an acoustic unit was deployed was geolocated with a
Garmin GPSMAP 64. These units are accurate within 5 to 15 meters, depending on
conditions. In 2015 and 2016, the microphone was housed within PVC pipe for
protection from the elements and to prevent damage from wildlife; however, the
additional shielding created secondary harmonics, limiting the quality and resolution of
call characteristics. Because this study has long-term objectives, a decision was made to
remove the shielding for 2017 and 2018.

The samples from all study sites were intended to be analyzed together. An
ANOVA was performed on the pre-harvest data. Differences were detected in the activity
level of silver-haired bats and Myotis (Table 1). Due to the differences found in activity
levels pre-harvest, data from the three sites were analyzed independently.

The original plan was for all study sites to be harvested in the winter of 2015,

however, that did not occur (Figure 3). Harvesting of the Beech tract was completed over
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the winter of 2015 and early spring 2016. Transect points BE1, BE2, and BE3 at the
Beech study site were not re-sampled in 2016 and 2017 because they were not located in
the shelterwood harvest due to a miscommunication of the harvest location. These
locations were replaced with BES1, BES2, and BES3 (Figures 4, 5). Because local
markets for timber shifted the original harvest site in the Laurel Ridge tract was no longer
a viable option (Figure 6). Two transects from the original study site were lost and two
new transects were placed within the new harvest area (Figure 7). This was followed by
harvesting of the Kentucky Ridge tract during the winter of 2016 and early spring 2017
(Figure 1). The Laurel Ridge tract at Robinson Forest was harvested over the winter of
2017 and early spring 2018 (Figure 1).

It was decided to modify transect layouts with patch cut harvest treatments.
Instead of the original locations, sample points were moved to the closest patch cut from
the original transect point to more directly assess bat response to patch cuts. Because the
riparian areas of patch cut harvest units were not harvested, the riparian sampling point
was moved to a patch cut at the mid-slope position, again, to increase the number of
patch openings sampled. This resulted in a ridge top and two mid-slope sampling points
along each transect in patch cut harvest treatments following timber removal. This
occurred for all patch cut harvests sampled during 2016 to 2017. At Laurel Ridge, I
sampled the riparian area of the patch cuts. Patch cut sampling at Robinson Forest
followed the pre-harvest transects. Points at the ridge top and mid-slope positions were
moved to the closest patch cut available. The riparian point remained in the same position
as the pre-harvest surveys. With all sampling of patch cuts, SM3 units were located at the

immediate edge of the cut and pointed towards the center of the patch cut opening.

17



Figure 2. Acoustic set-up. The microphone is tied onto the tree and rests in PCV pipe,

while the unit is chained to the tree.
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Figure 3. Timeline of forest harvests and acoustic sampling for all study sites.
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Table 1. Site differences in estimated species activity based upon Kaleidoscope species assignments in three sites, Laurel

Ridge in Robinson Forest, Clayhole, KY, Beech Tract, Oakdale, KY, and Kentucky Ridge State Forest, Chenoa, KY, in

Eastern Kentucky.
Parameter Beech Kentucky Ridge Laurel Ridge df F-value P-value
Mean + SE Mean + SE Mean + SE X y

COTO 0.107+0.0347 0.0606 + 0.0296 0.0517 £ 0.024 2 310 1.01 0.365
EPFU 3.15+£0.835 2.21+£0.721 1.06 £ 0.393 2 310 2.58 0.0771
LABO 2.47+0.679 1.43+0.387 1.42 £ 0.308 2 310 1.3 0.273
LACI 2.24+ 0.806 0.545+0.124 1.28 £0.299 2 310 1.74 0.177
LANO 3.492+0.779 1°+£0.318 0.803 >+ 0.228 2 310 6.52 0.00169
MYLE 0.0611+0.0210 0.0758 + 0.0328 0.0345 +0.017 2 310 0.794 0.453
MYLU 1.53+0.431 0.258 £ 0.0817 1.06 £ 0.242 2 310 2.76 0.0645
MYSE 2.48 %+ 0.757 0.0455 >+ 0.0258 441*+0.819 2 310 6.7 0.00142
MYSO 0.0534 °+ 0.0463 0.0909 @+ 0.0417 0.302 *+0.0841 2 310 4.61 0.0107
NYHU 0.0763 + 0.0369 0.0152+0.0152 0.0431 + 0.0226 2 310 0.881 0.416
PESU 2.02+0.619 1.17+0.418 0.759 £ 0.262 2 310 1.9 0.151

&b Within rows, means without common letters are groups with statistical difference.



Methods and Materials

Acoustic Sampling

Bat activity was assessed during the summers of 2015 to 2018. In 2015, all three
tracts were sampled twice from 17 June to 16 September. During 2016, each site was
sampled three times from 23 May to 11 September. In 2017, two of the three sites, Beech
and Kentucky Ridge, were sampled three times between 7 June and 7 September, with
Laurel Ridge sampled twice from 23 May and 20 July. Only Laurel Ridge was sampled
in 2018; two times from 22 May to 13 July.

Activity was monitored using Song Meter 3 units and SMU-1 microphones
(Wildlife Acoustics, Maynard, MA). The SM3 units were housed within pelican cases,
with microphones placed within PVC pipe and tied to a tree at 1.5-m aboveground
(Figure 2). Each location an acoustic unit was deployed was geolocated with a Garmin
GPSMAP 64. These units are accurate within 5 to 15 m, depending on conditions. During
each sampling session, acoustic sampling occurred for a minimum of three consecutive
nights to account for random variation in nightly activity patterns. Data were collected
from sunset to sunrise each night of sampling. The sunrise and sunset times were
determined by a program in the SM3 units.

The pre-treatment transects contained a ridge top, mid-slope, and riparian
sampling point (Figure 4, 6, 7, 8). Unharvested treatments and shelterwood harvests
largely maintained the same transect layout post-harvesting as during pre-treatment
sampling. Ideally, the acoustic units were deployed at the same point pre- and post-
harvest. However, points were moved in some instances, typically within a few meters,

due to a previous tree used to mount a unit being lost in the harvest. Patch cuts did not

21



have a riparian area sampled, as described in the experimental design section (Figures 5,

9). Units were directed towards the center of the patch cut.

Figure 4. Pre-harvest (2015) acoustic transects at the Beech tract.
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Figure 5. Post-harvest (2016-17) acoustic transects at the Beech tract.
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Figure 6. Pre-harvest (2015) acoustic transects at the Laurel Ridge tract, Robinson Forest.
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Figure 7. Pre-harvest (2016-17) acoustic transects at the Laurel Ridge tract, Robinson

Forest.
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Figure 8. Pre-harvest (2015-16) acoustic transects at the Kentucky Ridge tract.

26



Figure 9. Post-harvest (2017) acoustic transects at the Kentucky Ridge tract.

Analysis of Acoustic Data

Acoustic data were analyzed using Kaleidoscope v. 3.1.8 (Wildlife Acoustics, Maynard,
MA). Data were analyzed in two separate forms, number of pulses and number of calls
per species. Both species level identifications and number of pulses were determined by
Kaleidoscope set to the Kentucky filter to identify species. A few calls assigned to
species known to not occur in eastern Kentucky, gray bat (Myotis grisescens) and
southeastern bat (M. austroriparius), were deemed misclassified and not analyzed. Data

were compiled, organized, and analyzed using ‘R’ statistical software 3.5.0 -Joy in
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Playing (R Core Team 2013). The packages nlme, agricolae, plyr, magrittr, ggplot2, qcc,
multcomp, and dplyr were accessed during data analysis. Data were sorted with a filter
function to remove any call with <4 pulses, a quality less than 10, and a margin greater
than 0.3. Count and aggregate were used to summarize the data for statistical tests.
Coding is provided (Appendix I).

A quasi-poisson model of pulses was ran to compare activity differences between
slope positions within a treatment. A quasi-poisson model was performed for year, as a
proxy for pre- and post-harvest data, on the call data to assess how species responded to

harvests.

Arthropod Sampling and Analysis

Light trap sampling occurred in pre- and post-harvest sites from late July 2015 thru early
September 2017. Each location where a light trap was deployed was geolocated with a
Garmin GPSMAP 64. These units are accurate within 5 to 15 m, depending on
conditions. Universal backlight traps (Bioquip Products Inc., Rancho Dominguez, CA)
were used to sample positively phototactic arthropods active at sampling sites.
Arthropods were euthanized by Nuvan Prostrips; active ingredient - DDVP or 2,2-
Dichlorovinyl dimethyl phosphate (Amvac, Los Angeles, CA). In 2015, I deployed light
traps by hanging them from a tree 50 m from any active acoustic unit at ridge top, mid-
slope, and riparian slope positions (Figures 10, 11, 12, 13, 14). During 2016 and 2017, I
deployed traps only at mid-slope points due to time and labor constraints (Figures 15,
16). Traps were operated from sunset to sunrise on nights without rain. Specimens were
put in plastic containers and placed in a freezer for long-term storage. Captured insects

were keyed to taxonomic Order and enumerated.
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In total, 109 samples (76 unharvested, 17 shelterwood, and 16 patch cut) were
collected from the three field sites (Beech n = 33, Kentucky Ridge n =43, and Laurel
Ridge n = 33) over the course of three summers. Pre-harvest data were collected from all
field sites in 2015. During that period, 23 light trap samples from unharvested forests
were collected. One transect of light traps was established at the Beech property and
resulted in 5 successful samples (2 ridge top, 2 mid-slope, and 1 riparian). One transect of
light traps was established at Laurel Ridge resulting in 6 successful samples (2 ridge top,
2 mid-slope, and 2 riparian). Two transects were placed at Kentucky Ridge State Forest
and resulted in 12 successful samples (4 ridge top, 4 mid-slope, and 4 riparian).

In late-2015 and early-2016 the Beech tract was harvested. All samples collected
from each site during 2016 were at mid-slope positions. Sampling was intended to have
an unharvested sample coupled with two harvest treatment samples at the Beech
property; however, consistent trap failures resulted in harvest samples not always being
paired with an unharvested sample. During 2016, 15 samples (4 unharvested, 4
shelterwood, and 7 patch cut) were collected from the Beech property. Kentucky Ridge
had 13 samples collected and Laurel Ridge had 16 samples successfully collected. In
total, 44 successful samples were collected in 2016.

In late-2016 and early-2017 the Kentucky Ridge site was harvested. All samples
collected from each site in 2017 were at mid-slope positions. Samples were intended to
have an unharvested sample coupled with two harvest treatment samples at the two
harvested properties (Beech and Kentucky Ridge); however, trap failures resulted in
harvest samples not always being paired with unharvested samples. The Beech site had

13 successful samples (4 unharvested, 5 shelterwood, and 4 patch cut). Kentucky Ridge
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had 18 successful samples (5 unharvested, 5 shelterwood, and 8 patch cut). Laurel Ridge
had 11 successful unharvested samples. In total, 42 samples were collected during 2017.
Although light traps are designed to primarily capture Lepidopterans (moths)
other orders of insects were commonly found in traps. Analysis was performed on the
insect orders which appeared in greater than 60% of my sampling effort. Data for
arthropod captures were analyzed using ‘R’ statistical software 3.5.0 -Joy in Playing (R
Core Development Team, 2013). The packages nlme, agricolae, plyr, magrittr, ggplot2,
gcc, multcomp, and dplyr were accessed during data analysis. I used multi-way analysis
of variance (ANOVAs) to detect differences in total abundance, order count, and number
of individuals for the five dominant orders collected separately, i.e., Lepidoptera,
Coleoptera, Diptera, Hemiptera, and Hymenoptera. I examined differences by slope
position, tract, year, and treatment. I used slope position and treatment as fixed effects,

with tract as the random effect.
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Figure 10. Pre-harvest (2015) light trap transects at the Beech tract.
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Figure 11. Pre-harvest (2015) light trap transects at the Kentucky Ridge tract.
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Figure 12. Pre-harvest (2016) light trap transects at the Kentucky Ridge tract.
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Figure 15. Post-harvest (2016-17) light trap transects at the Beech tract.
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Figure 16. Post-harvest (2017) light trap transects at the Kentucky Ridge tract.
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Mist Net Sampling

Bats were captured at Robinson Forest from 19 May to 20 August 2016, 9 May to 1
August 2017, and 23 May to 13 July 2018. Netting sites were determined, in part, based
upon results of acoustic data, with netting taking place in the vicinity of sampling points
with high amounts of acoustic activity of Myotis bats. Robinson Forest was netted in
four locations: camp, Little Buckhorn, Big Laurel Ridge, and Medicine Hollow from
2016 through 2018. Roughly 103 net nights occurred, with each net night being a pole set
left up for several hours. Big Laurel Ridge and Medicine Hollow were within the study
site, Laurel Ridge tract. Netting was rotated between these sites to capture and radio-tag
northern long-eared bats from 2016 through 2017. Netting during 2018 was focused on
determining species presence and presence of northern long-eared bats at the Laurel
Ridge tract post-harvest. Camp was netted to train technicians to extract bats, determine
species and sex of bats present in buildings, and determine if pups were being
successfully reared in the residential buildings.

Closed canopy roads and streams were typical locations where nets were set to
capture bats. Net were predominately placed across single-lane dirt roads using 2.6 X 2.6-
m mist nets. However, net width ranged from 2.6 to 18 m in length and varied from
single to triple-high sets depending on the location surveyed. Nets were raised using
Avinet poles (Dryden, NY) as single highs, and as double and triple highs with the forest
filter pole system (Bat Conservation and Management, Inc., Carlisle, PA). Post-harvest
skidder trail roads, patch cuts, intact areas near shelterwood harvests, and the edge of

logging roads were also sampled with nets using the forest filter system.
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Additional mist netting occurred at the Beech tract from May to September 2015
to 2017 at two habitat types, along streams within the unharvested section and in the
skidder trails between patch cuts. Eleven net nights occurred, 9 in 2016 and 2 in 2017.
The patch cuts at the Beech tract were surveyed with the forest filter system. Netting at
the Beech tract was aimed at confirming determining species presence on the site.

I collected data on all bats captured, including: mass (g), right forearm length
(mm), reproductive condition, Reichard wing score (Reichard and Kunz 2009), sex, age
(Brunet-Rossinni and Wilkinson 2009), height in net, and presence of parasites. Age was
determined by shining a light through the joints of the finger bones. Adult bones are
ossified, and light does not pass through. Juvenile bones are not fully ossified, and light
passes between the bones in the finger joints. Pregnancy was determined by a swollen
stomach. Palpation for fetuses did not occur. Lactation was determined when a patch of
hair around the mammary glands was absent. Reproductive status of males was
determined by examining the scrotal region for descended epididymes. During 2016, all
captured bats were banded with 2.4- or 2.9-mm aluminum bands supplied by the
Kentucky Department of Fish and Wildlife Resources (KDFWR). Bands were attached
with banding pliers. Males were banded on the right forearm and females on the left

forearm. In 2017 and 2018, only federally protected species were banded.

Radio-Telemetry

I attached radio-transmitters to captured Myotis bats to radio-track them to roost trees.
Northern long-eared bats and Indiana bats were either banded or fitted with a transmitter.
No individual received both to ensure <5% of the bat’s body mass was added (Aldridge

and Brigham 1988). LB-2XT transmitters (Holohil Systems, Ltd., Ontario, Canada) were
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glued between the shoulder blades of bats with surgical cement (Perma-Type Company,
Inc., Plainville, CT). I tracked radio-tagged bats to roost trees daily using 3 or 5-element
yagi antennae (Wildlife Materials, Inc., Murphysboro, IL) combined with either Icom IC-
R20 radio receivers (Icom America, Inc, Kirkland, WA), R-1000 receivers
(Communication Specialists, Inc., Orange, CA), or TRX-2000 receivers (Wildlife
Materials, Inc., Murphysboro, IL). Bats were searched for each day until the transmitter
was found dead or the bat could not be located for 3 consecutive days. In order to locate
a signal, the yagi was placed out the window as we drove down the roads on Robinson
Forest. The extensive road network allowed us to cover a large portion of the forest and
was present in both riparian and ridgetop areas. If a signal was not located from the road
network, we hiked from ridgetop to ridgetop to attempt to locate a signal. The signal was

only periodically checked for beyond the 3-day limit if the bat was not located.

Description of Day Roosts

Trees located by radio-telemetry and confirmed by exit counts were designated as roost
trees. Tree roosts that I located were identified to species and decay class recorded. Each
located roost was geolocated with a Garmin GPSMAP 64. These units are accurate within
5 to 15 m, depending on conditions. The tree also received a permanent tree tag. I also
sampled trees at randomly chosen plots. Random plots were assigned either 0 or 180
degrees to ensure they were located on either ridge top or mid-slope positions; the only
landscape positions where northern long-eared bats were found roosting. These plots
were determined using a random compass orientation between 0 or180 degrees, and a

random distance >50 m from a known roost tree. Trees in a 10-m radius around each
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random sampling point were measured. I collected data on species and decay class for all
stems with a dbh greater than 2.54 cm.

As bats were tracked to multiple roost trees, an exit count was performed the first
night after a new roost was discovered. Counts started 20 min before sunset and ended 10
min after the last bat emerged from the roost. Personnel positioned themselves in an

orientation that ensured the bats were silhouetted against the sky.

Results

Acoustic Sampling

Acoustic sampling occurred in pre-harvest sites from late July 2015 thru early
September 2017. During 2015, 310 nights of acoustic sampling data were collected from
the Beech, Kentucky Ridge, and Laurel Ridge tracts. Data were used to determine the
pre-harvest assemblage of bats present. Significant differences were found between sites
for the number of silver-haired bat and northern long-eared bat calls. More silver-haired
bat calls were detected at the Beech tract than Kentucky Ridge or Laurel Ridge tracts.
More northern long-eared bat calls were detected at Laurel Ridge than at the Kentucky
Ridge or Beech tracts (Table 1). The observed difference in bat assemblages across sites
pre-harvest resulted in analyses being made for each site separately.

In total, 649 acoustic nights (1 detector per night = acoustic night) of data were
collected at the Beech tract. Post-harvest, 2016 and 2017, 154 acoustic nights of data
were collected from unharvested forest, 173 from the shelterwood, and 163 from the

patch cut. At the Kentucky Ridge tract, 492 acoustic nights of data were collected. Post-
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harvest 2017, 59 acoustic nights were collected from the unharvested forest, 77 from the
shelterwood harvests, and 63 from the patch cut harvests.

Figure 17 is a qualitative comparison of the harvest types. Data from Laurel Ridge
is provided, but will not be extensively discussed because it occurred after my thesis
work had concluded. Both the shelterwood and patch cut harvests had higher activity than
the unharvested treatment at the Beech and Kentucky Ridge sites. The ridgetop and mid-
slope positions in patch cuts had similar activity levels at both Beech and Kentucky
Ridge sites. The ridgetop position in the shelterwood had higher activity than the mid-
slope position at both the Beech and Kentucky Ridge sites, and both positions had higher
activity than the respective unharvested sections. Laurel Ridge had high activity in the
ridgetop of the impacted control, likely because the ridgetop roads were harvested. The
high activity in the riparian area of the shelterwood in Laurel Ridge was likely due to the
stream being perennial and wider than the intermittent streams near the control and patch
cut treatments.

A quasi-poisson model comparing years showed significant increase in activity
post-harvest at the Kentucky Ridge (649 acoustic nights) and Beech properties (492
acoustic nights). A quasi-poisson model comparing slope positions post-harvest, showed
differences between shelterwood slope positions. At the Beech property the ridge top and
mid-slope positions had more bat activity than the riparian positions. The shelterwood
harvest ridge top at the Kentucky Ridge tract had more bat activity than the mid-slope or
riparian positions. No difference was found between the ridgetop and mid-slope positions

within patch cuts (Table 2).
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A quasi-poisson model comparing species activity pre-and post-harvest was
performed for the Beech (601 acoustic nights) and Kentucky Ridge sites (435 acoustic
nights). At the Beech tract activity increased for big brown bat, red bat, silver-haired bat,
evening bat, and tri-colored bat. Activity of little brown bat increased the second-year
post-harvest, but not the first year. No consistent trend occurred with hoary bat. Activity
of northern long-eared bat decreased; activity of Indiana bat was too infrequent to
determine any patterns (Table 3). At the Kentucky Ridge tract activity increased for
Rafinesque big-eared bat, big brown bat, red bat, silver-haired bat, hoary bat, little brown
bat, and tri-colored bat. No consistent trend was observed for evening bat. Activity of
northern long-eared bat and Indiana bat was too low to determine any patterns (Table 4).
The harvest at Laurel Ridge occurred after the completion of my thesis work and will not
be detailed in this document; however, Figure 18 serves as a visual reference of results

including the post-harvest data from the Laurel Ridge tract.
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Figure 17. Comparison of activity of bats in different treatments and slope positions;
ridgetop (rd), mid-slope (md), and riparian (rp). Beech (a), Kentucky Ridge (b), and

Laurel Ridge (c) tracts in eastern Kentucky.
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Figure 18. Activity of bat species pre-and post-harvest at; Beech (a), Kentucky Ridge
(b), and Laurel Ridge (c) tracts in eastern Kentucky. (Blue (2015), Green (2016), Red
(2017), and Black (2018). The pre-x designation denotes the site had not yet been
harvested and the number of seasons the site has been sampled pre-harvest. The post-x
designation denotes the site has been harvested and the number of seasons the site has

been sampled post-harvest.
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Table 2. Comparison of mean pulses per detector night at the slope position in each treatment at Beech tract, Oakdale, KY and

Kentucky Ridge State Forest, Chenoa, KY.

Parameter Ridgetop Mid-slope Riparian df F-value P-value
Mean + SE Mean + SE Mean + SE X y

Control 149 2+ 36 84324236 7234166 2 154 13.1 <0.001

Beech

Shelterwood 4490 * + 556 29602+362 573%+122 2 173 28.4 <0.001

Beech

Patch Cut 5980 + 1040 5470 + 791 N/A 1 163 0.144 0.705

Beech

Control 626°+219 38.924+9.64 1780 2 + 556 2 59 4.63 0.0135

Kentucky Ridge

Shelterwood 79902+ 1320 1940°+250 1170°+ 341 2 77 20.2 <0.001

Kentucky Ridge

Patch Cut 6430 + 1510 7770 £ 1510 N/A 1 63 0.437 0.511

Kentucky Ridge

ab Within rows, means without common letters are groups with statistical difference.
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Table 3. Pre- and post-harvest species activity (calls per detector night) based upon Kaleidoscope species assignments at Beech

tract, Oakdale, KY.

Parameter 2015 - Pre 2016 — Post 1% 2017 — Post 2™ df F-value  P-value
Mean + SE Mean + SE Mean + SE X y

COTO 0.106 *£ 0.0347 0.317 °+0.0595 0.163 *+ 0.0315 2 601 4.97 0.00725
EPFU 3.152+0.835 42.1°+4.92 61.7°+7.46 2 601 19.8 <0.001
LABO 247+ 0.679 15.4°+1.51 25°4+2.95 2 601 21.6 <0.001
LACI 2.24 2+ 0.806 5.87 3+ 0.68 3.44°+1.04 2 601 4.2 0.0154
LANO 3.49°%+0.779 20.9°+1.84 20.4°+2.83 2 601 14.5 <0.001
MYLE 0.0611+0.0210 0.0284+ 0.0106 0.022+0.0976 2 601 2.12 0.121
MYLU 1.53%+0.431 1.26 4+ 1.53 4.8°+0.881 2 601 11.5 <0.001
MYSE 2482+ 0.757 0.419 ®+ 0.0881 0.304 ®+0.0661 2 601 13.3 <0.001
MYSO 0.0534 £0.0463 0.0732+ 0.0210 0.119 £ 0.0292 2 601 1.19 0.304
NYHU 0.0763 *+ 0.0369 2.13°+0.222 2.44°+0.285 2 601 21.5 <0.001
PESU 2.02*+0.619 4.83°+0.647 49°+0.721 2 601 4.28 0.0143

b Within rows, means without common letters are groups with statistical difference.
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Table 4. Pre- and post-harvest species activity (calls per detector night) based upon Kaleidoscope species assignments at

Kentucky Ridge State Forest, Chenoa, KY.

Parameter 2015 - Pre 2016 - Pre 2017 — Post 1% df F-value P-value
Mean + SE Mean + SE Mean + SE X y

COTO 0.0606 *+ 0.0296 0.1142+0.0531 1.63°+0.389 2 435 9.38 <0.001
EPFU 2.21%+0.721 2.82+0.901 87.8%+9.29 2 435 51 <0.001
LABO 1.42 %+ 0.387 7.983+222 9.79°+1.38 2 435 3.38 0.0351
LACI 0.5452+0.124 0.52 2+ 0.0853 3.26°+0.506 2 435 17.4 <0.001
LANO 0.803 *+0.228 1.11 %+ 0.247 17.4°+1.42 2 435 79.4 <0.001
MYLE 0.0758 ®+0.0328 0.194 £ 0.0571 0.0558 °+0.0193 2 435 3.47 0.0319
MYLU 0.258 + 0.0817 0.863+ 0.151 1.53+0.417 2 435 2.71 0.0679
MYSE 0.0455+0.0258 0.0514+ 0.0203 0.0609 + 0.0235 2 435 0.0897 0.914
MYSO 0.0909+ 0.0417 0.508+0.139 0.381 £0.124 2 435 1.53 0.218
NYHU 0.0152+0.0152 1.09+ 0.426 1.46 +0.245 2 435 2.86 0.0582
PESU 1.172+0.418 0.4172+£0.0791 2.85°+0.447 2 435 14.2 <0.001

b Within rows, means without common letters are groups with statistical difference.



Arthropod Sampling

Data for arthropods by slope position (ridge top, mid-slope, and riparian) generated in
2015 were compared using ANOVAs. Seven separate tests were ran for each metrics of
insect presence: total abundance of insects, number of arthropod orders, lepidopteran
abundance (moths), coleopteran abundance (beetles), hymenopteran abundance (wasps,
bees and ants), dipteran abundance (flies and mosquitoes), and hemipteran abundance
(true bugs) (Table 5). Ridge top communities contained a higher mean abundance of
insects and lepidopterans than riparian communities (Table 5). Mid-slope communities
were not different than ridge top or riparian communities (Table 5). There was no
difference between the ridge top and mid-slope samples (Table 5). There was no
difference among ridge top, mid-slope, and riparian communities in number of arthropod
orders, coleopteran abundance, hymenopteran abundance, dipteran abundance, or
hemipteran abundance (Table 1).

Data for all years of sampling (2015, 2016, and 2017) were compared using
ANOVAs. Seven separate tests were ran for each metrics of insect presence: total
abundance of insects, number of arthropod orders, lepidopteran abundance, coleopteran
abundance, hymenopteran abundance, dipteran abundance, and hemipteran abundance
(Table 6). The number of arthropod orders collected was significantly different between
2015 and 2017 (Table 2), with the mean number of orders in 2015 being higher than in
2017. The outcome was potentially influenced by sampling effort. Most of the additional
orders collected were incidental and sporadic observations, and would have likely been
detected in a more intensive survey in 2017. There was no difference in the number of

orders collected between 2016 and 2015, or 2016 and 2017. No difference was found
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between 2015, 2016, and 2017 in the total abundance of insects, lepidopteran abundance,
coleopteran abundance, hymenopteran abundance, dipteran abundance, or hemipteran
abundance (Table 6). Variation among sites (Beech, Kentucky Ridge, Laurel Ridge) was
compared using seven different metrics of insect presence with no difference observed
for any metric evaluated (Table 7).

The harvest treatment type (unharvested, shelterwood, and patch cut) was
evaluated using seven separate ANOVA tests on the total abundance of insects, number
of arthropod orders, lepidopteran abundance, coleopteran abundance, hymenopteran
abundance, dipteran abundance, and hemipteran abundance (Table §). The mean number
of lepidopterans collected was lower at shelterwood and patch cut stands than
unharvested stands (Table 8). There was no difference between shelterwood and patch
cut stands (Table 8). No difference was found among treatment type in total abundance of
insects, number of arthropod orders, coleopteran abundance, hymenopteran abundance,

dipteran abundance, or hemipteran abundance (Table 8).
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Table 5. Effects of slope position on insect diversity and abundance (# per trap night) at three sites: Laurel Ridge, Clayhole,
KY; Beech tract, Oakdale, KY; and Kentucky Ridge State Forest, Chenoa, KY.

Parameter Ridgetop Mid-slope Riparian df F p-value
Mean SE Mean SE Mean SE X,y
Total Abundance 701%, 152 386, 76.3 259, 40 2,20 4.68 0.0215
Number of Orders 6.25, 0.366 6,0.535 6.42, 0.896 2,20 0.122 0.886
Lepidoptera 546%, 106 315%,69.9 196, 37.7 2,20 4.98 0.0176
Coleoptera 130, 16.8 47.8, 86.4 36.4,8.38 2,20 0.932 0.410
Hymenoptera 10.1, 2.11 9.5,2.62 8.57,2.26 2,20 0.107 0.899
Diptera 4.5,1.32 3.63,0.730 2.71,1.57 2,20 0.515 0.605
Hemiptera 6,2.79 7.25,4.19 4.71, 1.46 2,20 0.159 0.854

&b Within rows, means without common letters are groups with statistical difference.
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Table 6. Effects of year on control samples of insect diversity and abundance (# per trap night) at three sites: Laurel Ridge,

Clayhole, KY; Beech Tract, Oakdale, KY; and Kentucky Ridge State Forest, Chenoa, KY.

Parameter 2015 2016 2017 df F p-value
Mean SE Mean SE Mean SE X,y
Total Abundance 386, 76.3 386,42.5 516,97.5 2,58 1.13 0.330
Number of Orders 6%, 0.535 6.58%, 0.222 4.8°, 0.414 2,58 8.56  0.0005
Lepidoptera 315, 69.9 294,334 456, 84.8 2,58 232 0.107
Coleoptera 47.8,16.8 68.6,12.4 38.3,9.39 2,58 1.66  0.199
Hymenoptera 9.5,2.62 7.52,1.01 13.2,4.61 2,58 1.2 0.308
Diptera 3.63,0.730 5.61,0.982 4.7,2.55 2,58 0.238 0.789
Hemiptera 7.25,4.19 3.61,14 2.85,1.05 2,58 0.954 0.391

&b Within rows, means without common letters are groups with statistical difference.
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Table 7. Site differences in light trap sampling for insect diversity and abundance (# per trap night) at three sites: Laurel Ridge,

Clayhole, KY: Beech tract, Oakdale, KY; and Kentucky Ridge State Forest, Chenoa, KY.

Parameter Beech Kentucky Ridge Laurel Ridge df F p-value
Mean SE Mean SE Mean SE X,y
Total Abundance 443,97.8 409, 42.9 470, 69.2 2,73 0.266 0.767
Number of Orders 5.77,0.323 6.53, 0.283 5.61,0.331 2,73 2.6 0.0813
Lepidoptera 317,53.8 333,353 393,62 2,73 0.523 0.595
Coleoptera 111, 53.1 51.1,9.92 52.5,10.9 2,73 212 0.128
Hymenoptera 5.92,0.902 7.8, 1.04 12.6, 2.88 2,73 2.14  0.125
Diptera 2.39,0.549 5.5,1.04 5.06, 1.60 2,73 0.916 0.405
Hemiptera 3.15,1.04 4.8, 1.41 3.94, 1.45 2,73 0.239 0.788

&b Within rows, means without common letters are groups with statistical difference.
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Table 8. Effects of harvest treatment on insect diversity and abundance (# per trap night) at two sites, Beech Tract, Oakdale,
KY, and Kentucky Ridge State Forest, Chenoa, KY.

Parameter Control Patch Cut Shelterwood df F p-value
Mean SE Mean SE Mean SE X,y

Total Abundance 392, 58.5 303, 70.6 237,49.2 2,43 1.58 0.218
Number of Orders 5.39,0.311 5.31, 0.395 5.24,0.474 2,43 0.0314 0.969
Lepidoptera 342%, 56 171°,34.8 137°,28.9 2,43 7.29 0.0019
Coleoptera 36.9, 8.8 119, 49 88.5,33.1 2,43 1.19 0.315
Hymenoptera 5.46, 0.867 4.94,1.09 4.88, 1.46 2,43 0.0626 0.939
Diptera 2.92,0.645 3.75,1.23 2.29,0.731 2,43 0.655 0.525
Hemiptera 2.15,1.06 0.875,0.301 1.18, 0.346 2,43 1.17 0.32

&b Within rows, means without common letters are groups with statistical difference.



Mist Net Sampling

The camp at Robinson Forest has several maternity colonies of bats. A maternity
colony of big brown bats numbering around 100 individuals roosted within the attics in
two separate cabins. The office had a small bachelor colony of big brown bats, along with
a small bachelor colony of Rafinesque big-eared bats, and a small maternity colony of
Rafinesque big-eared bats. These groups live within different spaces within the structure
and often emerge from different entrances. Both maternity colonies successfully rear
young on a yearly basis.

Mist netting efforts at Robinson Forest resulted in the capture of 36 northern long-
eared and one Indiana bat from 2016 through 2017 (Figure 19). Most northern long-eared
bats were captured in 2.6 m nets over closed canopy ridge top roads. Sixteen northern
long-eared bats (10 females, 4 males, and 2 juveniles) and one lactating female Indiana
bat were radio-tagged and tracked. Ten northern long-eared bats (8 females, 2 males)
were successfully tracked to day-roosts. The Indiana bat was not located despite use of a
Cessna 172 plane being flown over the site in a 19.3-km radius. Other species captured,
included adult male, female, and juvenile eastern red bats and big brown bats. I also
captured two male silver-haired bats and one Rafinesque big-eared bat.

Two additional northern long-eared bats were captured during 2018 after the
forest was harvested. One juvenile northern long-eared bat was captured adjacent to the
shelterwood harvest on a ridge top road. Adult male, female, and juvenile eastern red bats

and big brown bats were captured within the harvest treatments. A post-lactating female
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and a juvenile tri-colored bat were also captured in the riparian area adjacent to the
shelterwood harvest.

Netting efforts at the Beech site resulted in the capture of eastern red bats, big
brown bats, and tri-colored bats. Adult male, female, and juvenile eastern red bats, big
brown bats, and tri-colored bats were captured within the openings of the patch cut

harvest area.
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Figure 19. Results of bats captured during mist netting efforts. (a) Bats captured during
mist netting efforts at Robinson Forest’s camp. (b) Bats captured during surveys on
Robinson Forest. (¢) Bats captured during surveys on the Beech tract. (Blue (2015),

Green (2016), Red (2017), and Black (2018).
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Radio Tracking and Roost Trees

Sixteen individual northern long-eared bats had a radio-tag attached: males (4), females
(10), and juveniles (2). Females (8) and males (2) were tracked to 20 different day roosts.
Bats roosted in a five tree species: red maple (Acer rubrum), scarlet oak (Quercus
coccinea), pitch pine (Pinus rigida), black oak (Q. velutina), tulip poplar (Liriodendron
tulipifera), and an unidentified snag (Table 9). Based upon random tree plots red maple
was the most prominent tree species for roosting in the forest and occurred in various
conditions from dead with peeling bark, declining trees with cavities, and live trees with
small cavities (Table 10).

All roosts were within 100 m of a ridge top road (Figure 20), suggesting these
bats preferentially chose roosts in the vicinity of forested flight corridors. Exit counts
varied across the season. In early May, before pregnancy was detected individuals often
roosted solitarily in small cavities large enough for only a single individual, within
shaded areas of the forest with minimum solar exposure. At late-stage pregnancy and
early lactation, adult females switched roosting preferences. Individuals clustered
together in cavities or under bark in trees with reduced amounts of canopy cover. Trees
occupied during this time had larger diameters and were predominately sub-canopy
stems. Maximum group sizes of bats and consistent fission- fusion behavior was
observed. As pups became closer to volancy, the size of the maternity colonies decreased
although the type of roost did not change. Once pups became volant females chose roosts
with reduced canopy cover and fewer surrounding trees. Roost switching was minimal,
with females staying at the same site for several days in a row. Roost counts post-volancy

were often of two individuals. In one case, a bat which was not radio-tagged was often a
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weak flyer and observed gliding out of the roost. Several times it was observed falling to
the ground and the radio-tagged female would search the area to retrieve it. The trend
lasted for a week or so. Females captured beyond this time roosted in a variety of roosts
and seemed to be less selective. Males also displayed less selective behavior in roost
choice. In late summer, bats roosted in a variety of structures including knotholes,
peeling park, and small cavities. Individuals continued to roost near flyways. There were

insufficient data to form an idea on their choice of canopy cover.
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Figure 20. Roost trees located at Robinson Forest during tracking efforts from 2016-

2017. Red dots are maternity roosts used by pregnant or lactating females. Blue dots are
roost trees used by bats. The grey dotted line is the maintained closed canopy forest road.
RT2-794 and RT2-974 both have non-maintained roosts within close proximity to the

roosts which are not shown on the map because they are not mapped or maintained.
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Table 9. Roost trees and emergence counts of located northern long-eared bats, Robinson Forest, KY.

Roost Tree Sex Reproductive Species Dbh Roost Snag  Emergence Date
Status (inch) Character Class Count
RT1-817 Female Pregnant Scarlet Oak 10.6 Under Bark 5 13 5/25/16
RT3-817 Female Pregnant Scarlet Oak 22.1 Dead Limb 1 4 5/27/16
RT4-817 Female Pregnant Red Maple 4.1 Cavity 1 1 5/28/16
RT5-817 Female Pregnant Red Maple 6.1 Cavity 4 24 5/29/16
RT1-974 Female Lactating Scarlet Oak 4.5 Under Bark 4 3 7/17/16
RT2-974 Female Lactating Scarlet Oak 10.1 Cavity 2 2 7/19/16
2 7/20/16
2 7/21/16
2 7/23/16
RT1-470 Female Post-lactating Red Maple 2.1 Cavity 1 1 8/5/16
RT1-700 Female Pregnant Snag 11.6 Cavity 5 1 5/11/17
RT2-700 Female Pregnant Red Maple 4.5 Cavity 2 0 5/13/17
RT3-700 Female Pregnant Red Maple 2.6 Cavity 1 1 5/15/17
RT1-230 Female Lactating Tulip Poplar 21.1 Under Bark 4 3 6/7/17
RT2-230 Female Lactating Scarlet Oak 17.1 Under Bark 4 2 6/8/17
RT1-715 Female Lactating Black Oak 10.2 Under Bark 4 8 6/7/17
13 6/8/17
15 6/9/17
21 6/10/17
RT1-757 Female Lactating Scarlet Oak 6.1 Under Bark 4 - 6/17/17
RT2-757 Female Lactating Scarlet Oak 26.5 Under Bark 4 7 6/18/17
3 6/20/17
RT1-387 Male  Non-reproductive Red Maple 4.2 Dead Limb 1 0 6/18/17
RT2-387 Male  Non-reproductive  Scarlet Oak 9.9 Under Bark 4 1 6/19/17
RT1-794 Female Lactating Red Maple 1.6 Cavity 4 1 (carrying  6/25/17
pup)
RT2-794 Female Lactating Pitch Pine 7.8 Under Bark 4 2 6/28/17
2 6/29/17
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Table 10. Potential roost trees (snags and cavities) present within tree plots at Robinson Forest in Eastern Kentucky.

Species Number Roosts Used by MYSE
Red Maple 57 7
Scarlet Oak 30 7
Sourwood 21 0
Chestnut OQak 16 0
Black OQak 8 1
Downy Serviceberry 6 0
Black Gum 5 0
White Qak 4 0
Sugar Maple 4 0
Tulip Poplar 4 1
Cucumber Magnolia 3 0
Red Oak 3 0
Pitch Pine 2 1




Discussion

The difference in activity patterns among species pre-harvest was likely due to the
differences in forest structure across landscapes at the three sites. The Beech tract was a
40-ha forest adjacent to seed tree harvests which left a lower, undetermined basal area.
The Beech tract provided excellent habitat for open space foragers before it was
harvested which explains why it had statistically higher numbers of silver-haired bat calls
than the other sites. To access the tract, bats were required to fly through the surrounding
harvest. The risk of predation could have acted as deterrent for smaller bat species to
forage within the harvest (Swystun et al., 2001). Kentucky Ridge was a mosaic with a
variety of features from farmlands, active roads, and tracts of intact forest. The well
trafficked road could have acted as a barrier to some species (Bennett ez al., 2013).
Robinson Forest is largely an intact interior forest with various harvests interspersed
throughout. These areas are connected by a series of dirt roads along the ridgetops and
streams. Robinson Forest’s extensive road system within an interior forest likely provided
suitable habitat for several species, especially the northern long-eared bat.

Pre-harvest data showed higher activity at ridge top and riparian areas than mid-
slope areas. The difference in activity was due to streams and ridge top roads functioning
as flyways (Menzel et al., 2002; Caldwell et al., 2019). The structural complexity and
degree of clutter varied among sampling locations in pre-harvest sampling. Eastern
Kentucky is a mixed mesophytic forest with a large variety of tree species and habitats.
Most ridge top points were placed along roads or trails; however, some points were not
and were instead in interior forest locations. A ridge top sampling location at Kentucky

Ridge was a hemlock-rhododendron forest while another in Laurel Ridge was a closed
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canopy road. Mid-slope sites had varying degree of clutter ranging from thickets of
rhododendron to mostly open forest. Riparian corridors varied widely in size. Streams
ranged from first to third order. Stream width affects canopy closure which determines
aerial flight space throughout the flight corridor. Size of flight corridors have been shown
to influence bat species presence and levels of activity (O’Keefe et al., 2013). This
variation among sampling locations at the same slope position resulted in some areas not
producing pre-harvest calls which limited the power of the statistical models.

Both Beech and Kentucky Ridge tracts had an increase in bat activity post-
harvest. Shelterwood harvests and patch cuts had higher activity than the unharvested
control stand and the pre-harvest data. Increases in bat activity after forests have been
thinned or logged occurred in other studies (Titchenell ef al., 2011; O’Keefe et al., 2013;
Silvis et al., 2016). Activity increased by over an order of magnitude at both sites, and
within both treatments. Most of this activity can be attributed to big brown bats for the
Beech and Kentucky Ridge tracts. Large numbers of calls from silver haired bats
occurred within the forest harvests and it is possible these bats increased in activity
within forest harvests. These bats are open-space foragers which take advantage of the
newly created space for foraging. Eastern red bats also increased in activity at both sites
post-harvest and were the second biggest contributor to the increase in activity. It appears
eastern red bats behaved as generalists that were active in both harvests and interior
forests. Evening bats increased in activity at the Beech tract post-harvest. However, there
was no significant increase in activity at the Kentucky Ridge tract. Hoary bats had a
mixed response to harvests; however, sampling units were placed at 1.5 m in height and

likely missed some calls of these bats. Microphones placed higher or in open space may
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have detected more activity. Brigham et al., (1997) found that hoary bats foraged well
above the canopy. I had predicted hoary bats should have increased in activity because
they are open-space foragers with high aspect ratios and high wing loadings (Lacki ef al.,
2007). Also, Owen et al. 2004 found an increase in hoary bat activity post-harvest.

Unharvested sections in both the Beech and Kentucky Ridge tracts saw the
highest activity levels in the riparian areas post-harvest. Other harvest projects have seen
high levels of activity within riparian areas near harvests (O’Keefe et al., 2013; Caldwell
et al., 2019). Riparian zones likely continue to act as flyways, especially for clutter-
adapted species traversing through the harvests. The ridgetop at Kentucky Ridge saw a
large increase in activity post-harvest. The activity was likely bats commuting along the
ridgetop road to the forest harvests. The shelterwood harvests in both sites had the
highest activity on the ridgetop and the lowest activity in the riparian area. The mid-slope
in the Beech tract shelterwood had statistically similar activity to the ridgetop, while the
mid-slope in the Kentucky Ridge tract was statistically similar to the riparian area in bat
activity. The variation in responses was likely due to structural differences between sites.
Loggers complied with FSC® standards for Best Management Practices (BMPs) and
Streamside Management Zones (SMZs) across all study sites (FSC-US 2010). Complying
with these standards left Kentucky Ridge with larger patches of vegetation in the
shelterwood harvest than the Beech tract due to slope condition and the size of the
streams within the harvest. The structural similarity between all patch cuts likely explains
the uniform response seen across sites and slope positions.

Barclay (1999) eloquently explained that echolocation is a tool for bats to

navigate across the landscape and capture prey, and is not intended to necessarily convey
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species specific information. Call output from all acoustic software packages, including
Kaleidoscope, is based on probabilities, and calls of similar species can be misclassified,
especially poor-quality calls (Murray et al., 2001; Russo et al., 2017). Thus, some level
of misidentifications is assumed to have occurred within the dataset and the possibility of
misclassification influences my interpretation of data patterns and test outcomes with the
acoustic analyses presented.

Silver-haired bats are migratory, with subadult males being summer residents in
Kentucky (Perry et al., 2010). However, KDFWR has recently seen increased numbers of
male silver-haired bats captured in Kentucky (T. Wethington, KDFWR, unpublished
data). I captured two different silver-haired bats during my netting efforts, and both
captures were males with large numbers of mites. A higher number of big brown bats
were captured within forest harvests. On two different occasions over ten different
individuals were captured in a single night. Kaleidoscope and other acoustic software
programs often misclassify big-brown bat calls as silver-haired bats (Humboldt State
University, 2011). The low number of captured individuals and potential for
misclassification of calls suggests patterns seen for silver-haired bat activity could be
influenced by the large number of big brown bats present within the harvests.

My netting efforts did not result in the capture of an evening bat, and while my
netting efforts were not extensive, the data suggests they are not a prevalent species
within my study site. Netting resulted in the capture of a large number of red bats which
have a similar call to evening bats (Humboldt State University, 2011). Red bat calls could
have impacted trends detected for evening bats. However, it is also possible this species

has moved into the area, and future work should include netting data to validate species
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presence. Evening bat is currently expanding its range, including in Kentucky, and is
becoming a common species in forested areas once dominated by Myotis (Thalken et al.,
2018a).

Little brown bats are present in the region but were not captured historically
during surveys at Robinson Forest nor were they detected during my netting efforts
(Krupa and Lacki, 2002). However, these bats are historically present in these counties
(T. Wethington, KDFWR, unpublished data). These bats tend to prefer riparian areas and
could be present along the large streams just outside of the forest, or along the larger
streams within the forest. My netting efforts focused on ridgetops and it is possible I did
not net extensively enough to capture the sparse individuals present. Little brown bat
calls overlap in characteristics with Indiana bat calls, and share similarities with calls of
northern long-eared bats (Humboldt State University, 2011). Little brown bats have
suffered tremendous declines in Appalachia and the Midwest and are now rare
throughout the region (Dzal ef al., 2011; Thogmartin et al., 2012). Indiana bats have also
suffered declines across the Appalachia recovery unit, but historically were not a
common species (USFWS, 2019). Netting efforts revealed Indiana bats were present on
the site; however, their captures were infrequent compared to northern long-eared bat.
Northern long-eared bat was the second most captured species on Robinson Forest. The
species continues to decline but remnant populations remain in a few counties in
Kentucky, West Virginia, and eastern Ohio (Reynolds et al., 2016, Cruz et al., 2018).
Trends seen for Indiana and little brown bats could be influenced by misclassification of

northern long-eared bat calls.
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Rafinesque big-eared bats are hard to detect with acoustic surveys and will not be
discussed (Hurst and Lacki, 1999). Detections were limited even within Robinson Forest
where two known maternity colonies are present.

Tri-colored bats increased their levels of activity in forest harvests. I only
captured tri-colored bats in harvested areas during my study. Granted I seldom mist
netted streams or water sources. Studies showed tri-colored bats in Western Kentucky
roosted within 2.5 km of their original capture location (Schaefer, 2017). Tri-colored bats
have relatively small movements, travelling 300 - 5000 m from a capture location
(Veilleux et al., 2001; Leput, 2004; Quinn and Broders, 2007); roost between 25 to 186
m from edge habitat (Veilleux, 2001; Veilleux et al., 2003; Leput, 2004, Veilleux et al.,
2004; O’Keefe, 2009); and, roost between 34 - 212 m from water sources (Veilleux,
2001; Veilleux et al., 2003; Leput, 2004; Poissant ef al., 2010). Their small home ranges
and movements, along with the capture of several life stages, suggests they are actively
choosing to forage and possible roost within harvested areas.

Mpyotis activity did not increase within forest harvests. Other studies have found
closed-spaced foragers avoid foraging in harvests (Owen et al., 2003; Patriquin and
Barclay, 2003; Henderson and Broders, 2008; Titchenell et al., 2011; Cadwell et al.,
2019). Several factors likely contribute to Myotis not foraging extensively within the
harvest treatments. Lepidopterans, a favorite prey of these bats, decreased in number in
response to cuts, suggesting reduced prey availability (Table 3, 4). Myotis bats may
experience an increase in competition from big brown bats and eastern red bats, which
increase their feeding activity in areas post-harvest for the available prey (Table 3, 4)

Silvicultural practices, patch cuts and shelterwood harvests, both remove sub-canopy
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clutter. Sub-canopy clutter has been correlated to Myotis activity in other studies (Dodd
et al., 2012). White-nose syndrome has severely affected Myotis populations, especially
those of northern long-eared bat, little brown bat, and Indiana bat (Dzal e et al., 2011;
Thogmartin et al., 2012; Thomas and Toomey, 2017; Thalken et al., 2018b). In a post-
WNS world, interior forests in eastern North America are likely not at carrying capacity
for closed-space foraging bat species. Given that prey are equally or more abundant than
within unharvested areas (Table 8), and competition is now likely reduced within interior
forest ecosystems, surviving Myotis bats may choose to occupy forested habitat to avoid
competition and have increased access to prey. Variation in response to forest harvesting
by tri-colored bats and Myotis bats has been documented across several studies (Yates
and Muzika, 2006; Amelon, 2007; Womack et al., 2013; Starbuck et al., 2015). These
differences may be attributed to the different level of competition present at each study
area.

My study filled a research gap and provides replication across multiple areas with
species-level resolution based upon acoustic and netting data (Menzel ef al., 2002;
Adams et al., 2009; Jung et al., 2012; O’Keefe et al., 2013; Silvis et al., 2016). Captures
of northern long-eared bats at Robinson Forest, post-white-nose syndrome, provide
evidence for a relict population of these bats. The lack of activity of these bats in
harvests, however, suggests they do not actively forage within cuts.

My study could be improved upon with additional replication and long-term data
at each study area. Landscape features such as stream size and surrounding features such
as forest harvests should be included within replicates. It is likely that larger riparian

zones might help maintain activity of interior species if they are adjacent to interior
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forest. Detectors left out across an entire season might help discern how activity changes
throughout the night, reproductive period, and seasons.

Forest harvesting temporarily impacts foraging habitat of northern long-eared
bats; however, once the site regenerates the heavily compacted skid trails and harvest
roads do not re-grow trees. These trails stay open and become surrounded by closed
canopy forest. These areas become long-term flyways within the forest which are heavily
trafficked by many bat species, especially Myotis (Menzel et al., 2002; Caldwell et al.,
2019). All captures of northern long-eared bats occurred on these roads. Eastern red bats,
big brown bats, and a Rafinesque big-eared bat were also captured along roads. The
northern long-eared bats also preferred to roost on ridge tops near these flyways. Other
studies have shown northern long-eared bats prefer ridge top roosting positions (Thalken
et al., 2018b; Thalken and Lacki, 2018; Cruz et al., 2018).

The capture of juvenile northern long-eared bats within 50 m of the shelterwood
harvest at the Laurel Ridge tract suggests the species uses the area for reproduction, at
least to some extent. Forest harvests may take some potential roost trees, both primary
and secondary, but northern long-eared bats will continue using a harvested site (Silvis et
al., 2015).

It is unknown if northern long-eared bats use torpor in the same manner as
Indiana bat and little brown bat. Summer colony sizes of northern long-eared bats are
smaller on average than those of Indiana bat and little brown bat and can occur in interior
forest locations which do not have as high a solar exposure. Average sizes of northern
long-eared bat colonies were historically larger than seen in my study (Sasse and Pekins,

1996 [n = 36]; Foster and Kurta, 1999 [n = 60]; Menzel et al., 2002 [n = 65]; Lacki et al.,
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2009 [n = 56]). However, these are far smaller than that of little brown bat or Indiana bat
colonies which commonly range into the hundreds. Further, Lacki and Schwierjohann
(2001) found sizes in Eastern Kentucky to average 25.3 + 10.2 bats during the pregnancy
period, which is similar to the colony sizes recorded in my study. These differences
suggest the species may use torpor more frequently or enter deeper torpor than little
brown bat or Indiana bat to conserve energy and, thus, do not need to be as gregarious or
select warmer roosts. Their behavior patterns likely explain their historically large
numbers in interior forests. However, unlike Indiana bat and little brown bat this may
require a species to seek out a variety of roosting microclimates to meet their shifting
energetic needs throughout the summer season. An interesting example of this can be
seen by the switching of a colony of northern long-eared bats from tree roosts to a barn
during pregnancy and lactation (Henderson and Broders, 2008).

Northern long-eared bats choose to roost in different microclimates and in
different numbers throughout the season. Their behavior can be grouped into five distinct
phrases. First, use of small shaded cavity roosts during early pregnancy that permit
females to engage in torpor bouts to conserve energy, which also slows the development
of offspring and allows pregnant females to replenish lost fat reserves from winter
hibernation. Second, during late-stage pregnancy and early lactation females switch
roosts, with individuals clustering together in cavities or under bark in trees with low
canopy cover. Trees used are predominately sub-canopy stems with peeling bark or
cavities. During this time, females cluster to conserve heat and likely limit torpor use,
with the clustering behavior likely facilitating faster growth of young. Third, the same

types of trees are selected for in mid to late-lactation. However, the colony counts are
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smaller as females reduce colony size, possibly to minimize parasite loads and predation
risks. As the young are now larger, it is likely that less body heat is required to maintain
growth of non-volant young. Fourth, once pups become volant, females choose roosts
with low canopy cover and few surrounding trees. Roost switching is minimal with a
female staying at the same site for several days in a row. Females choose roosts in areas
of reduced clutter perhaps to minimize flight collisions. The splintering of the colonies
also reduces predation risk to vulnerable young who are learning to fly and are easy
targets. Fifth, females captured after young become fully volant roost in a variety of
structures and are less selective. During this time bats roost in a variety of micro-sites
including knotholes, peeling park, and small cavities, and frequently switch roosting sites
likely to select micro-climates suitable for minimizing energy expenditure and utilizing
torpor to restore lost fat reserves for hibernation. Adult males displayed the fifth stage
behavior throughout the season.

A variety of roosting patterns of northern long-eared bats has been seen in other
studies. Lacki and Schwierjohann (2001) saw variation in colony size across reproductive
conditions. The largest numbers were during pregnancy and decreased throughout
lactation. Thalken (2018) and Garroway and Broders (2008) found differences in roosts
between reproductive classes of northern long-eared bats. Other studies have shown big
brown bat, western long-eared bat (Myotis evotis), and little brown bat change roosts to
facilitate use of a different torpor strategy (Dzal and Brigham, 2013; Chruszcz and
Barclay, 2002; Lausen and Barclay, 2003).

Data suggest that bat species actively decide whether or not to engage in torpor

use based upon their energetic needs and that of their young. The smaller roost counts
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toward the end of the maternity season for many tree-roosting species suggest that bats
balance risks based on energetic needs, access to available food sources, and predation
risk.

Prior to white-nose syndrome, tri-colored bat and northern long-eared bat were
common species in forested landscapes of eastern North America. Their populations have
dramatically declined throughout their distributions (Francl ez al., 2012). Despite severe
declines, however, some regional populations appear to be stabilizing (Dobony and
Johnson, 2018; Frank et al., 2019). Northern long-eared bat populations have persisted
across multiple seasons of possible exposure to white-nose syndrome (Cruz et al., 2018).
As more impacted populations of northern long-eared bat become extirpated, remaining
populations will become increasingly important to the survival of the species. The
population within Central-Appalachia could become critical for the survival of the
species, as some of these bats may adopt unknown hibernation locations and strategies
that allow them to survive the harsh winter without succumbing to WNS. Based on my
data, silvicultural management of forests can be done in a way which is consistent with
providing habitat for surviving northern long-eared bats.

Research is beginning to suggest that surviving individuals are relying on
alternative hibernation strategies such as hibernating in basements, tree cavities, culverts,
and other locations which do not allow for the growth of the fungus. The population
found in the coastal plains of North and South Carolina is one example of alternative
hibernation strategies. Northern long-eared bats which live there are active year-round
and continue to use tree roosts throughout winter and, thus, are not susceptible to WNS

(Jordan, 2020). Individuals are also behaviorally adapting to the fungus. Individuals are
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storing more body fat to survive the arousals caused by the fungus (Lacki et al., 2015).
Winter habitat that facilitates successful hibernation is a limiting factor in the recovery of
many species, including the northern long-eared bat and tri-colored bat. Forest harvests
also provide valuable habitat to bats within Appalachia. Big brown bat, eastern red bat,
hoary bat, and tri-colored bat use these areas for foraging. Northern long-eared bats and
possible tri-colored bats appear to roost within or near these harvests. Thus, patch cuts
and shelterwood harvests may be valuable tools to promote successful reproduction in bat

species that use harvested areas during summer months.

Management Recommendations

Shelterwood harvests and patch cuts improve habitat quality for red, big brown, and tri-
colored bats. Immediately after harvests, Myotis did not increase activity in patch cuts or
shelterwood harvests in my study. However, I believe harvests can provide essential
habitat. The skid trails and harvest roads that allow harvested trees to be extracted often
become heavily compacted and limit future tree growth in the corridor. Once the
surrounding trees re-grow, these closed canopy spaces become semi-permanent flyways
within the forest which are heavily trafficked by many bat species, including Myotis
(O’Keefe et al., 2013; Silvis et al., 2016; Ketzler et al., 2018). My study supports these
observations. Myotis calls on Laurel Ridge occurred frequently on detectors placed along
the roads. All of the northern long-eared bats I captured were on these ridgetop roads.
The roost trees I located were within 100 m of the road. Other studies have also found
northern long-eared bats to prefer roosting on ridgetops. Cruz et. al (2018) found that

northern long-eared bats commonly roost within rocket boxes placed within forest
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harvests for utility lines within Appalachia. These populations return annually and
successfully rear young. Unless harvests become a pervasive landscape issue, I believe
they do not negatively affect the presence of northern long-eared bats.

When planning harvests, unharvested sections should be retained near or adjacent
to shelterwood harvests or patch cuts. These areas provide foraging space to Myotis
species and limit foraging competition with big brown bat, hoary bat, and eastern red bat.
I recommend placing permanent small, unpaved dirt roads along ridgetops for long-term
roosting potential for northern long-eared bats. These roads function as flight corridors
and the dead trees adjacent to the road provide roosting habitat. These roads should be
designed to have increased canopy closure as the site develops post-harvest. Maximizing
connections between roads on different ridges to create a flyway matrix would be ideal.
This matrix should allow for bats to travel and feed throughout the forest landscape. Any
snag or tree with a cavity next to ridge top roads should be surveyed for bat use before it
is cleared as these trees are likely to be potential roosting habitat. Natural roosts should
also be sustained through active management such as retaining snags during harvests,
especially those on forest edges and along roads. If need be, these natural roosts can be
supplemented with rocket boxes placed within different microclimates on the landscape.

Forest harvests create openings in the forest providing foraging habitat for open-
space foragers such as big brown bat and generalists such as the eastern red bat. Although
eastern red bat, big brown bat, and hoary bat are currently common species in forested
landscapes, management may be necessary for these species in the future. Prior to white-
nose syndrome, little brown bats, tri-colored bats, and northern long-eared bats were

common species in many areas (U.S. Department of the Interior, 2015). These formerly
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common species are clearly in need of conservation now and in the future. Hoary bat and
eastern red bat are currently being killed in large numbers at wind turbines during
migration (Kunz et al., 2007). These impacts are likely to result in population level

changes to these species as well.

Permits

All animal handling procedures used were approved by the University of Kentucky under
IACUC Assurance No.: A3336-01. Data collection was supported through permits from
the Kentucky Department of Fish and Wildlife Resources (SC1511245; SC1611176;

SC171115; SC1811148) and the U.S. Fish and Wildlife Service (TE38522A-1).
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Appendix I
Insect Analysis
#ANOVA
Detect <-Im(Count ~ Treatment,data = KR)
anova(Detect)

summary(Detect)

Quasi-Poisson Analysis
#Sorting Call Data

Pulses <- read.csv("C:/Users/PHILLIP/Desktop/Zeros Added Master.csv'")

#Filter out poor quality call data for accurarcy
Filtered <- Pulses %>% filter(PULSES >= 4)
Filtered <- Filtered %>% filter(Qual <= 10)
Filtered <- Filtered %>% filter(MARGIN >= 0.3)

#Summarize data
Count <- count(Pulses, c("AUTO.ID","SITE","DATE.12","YEAR","Treatment", "Position","LOCATION"))

agg.sum <- aggregate(formula= freq ~ DATE.12 + Position + SITE + AUTO.ID + LOCATION + YEAR + Treatment,
data= Count, FUN=sum)

write.csv(agg.sum, file = 'C:/Users/PHILLIP/Desktop/Filter Count.csv')

#View data and run Poisson
p <- ggplot(aes(x = Treatment, y = freq), data = Pulses)
p + geom_boxplot() + facet wrap(~ Treatment)

Pulse <-glm(freq ~ Treatment,data = Pulses, family = 'poisson')

# Check for overdispersion

# First is probably best as it can take variables into account
deviance(Pulse)/df.residual(Pulse)

# Another way, seems similar and gives more info

qcc.overdispersion.test(Pulses$ Abundance, type = 'poisson')

# Quasipoisson adjusts standard errors based on the amount of overdispersion

# Estimates will stay the same but SEs will be larger

79



Pulses2 <-glm(freq ~ Treatment,data = Pulses, family = 'quasipoisson')

summary(Pulses2)

# Pull out means and SEs

str(Pulses2)

newdata <- data.frame(Treatment = unique(Pulses$ Treatment))

pred <- predict(Pulses2, se.fit = TRUE, newdata = newdata, dispersion = 20.68806, type = 'response')
# Can get same result (SE models) using a Poisson as long as you correct for overdispersion

# Can find the overdispersion value in the summary of the quasipoisson model

cbind(newdata, pred)

# Check residuals
plot(Pulses2)

plot(resid(Pulses2) ~ Pulses2$fitted.values)

# Compare groups using generalized linear hypothesis test

Pulses2_glht <- glht(Pulses2, linfct = mcp(Treatment = 'Tukey'))
# Use the Bonferroni adjustment to adjust p-values and account for multiple comparisons
summary(Pulses2_glht, test = adjusted('bonferroni'))

cld(Pulses2_glht)

# Run an Ftest

summary(Pulses2_glht, test = Ftest())

Quasi-Poisson (Treatment)

Treatment <- read.csv("C:/Users/PHILLIP/Desktop/Pulses Summed.csv")

#Transform Year to a Factor

Treatment$Year <- factor(Treatment§YEAR)

B <- Treatment %>% filter(SITE == 'Beech")

B <- B %>% filter(YEAR !="2015")

p <- ggplot(aes(x = Treatment, y = PULSES), data = B)
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p + geom_boxplot()

Pglm <-glm(PULSES ~ Treatment,data = B, family = 'poisson')

#ANOVA for comparison to data output
Detect <-Im(PULSES ~ Treatment,data = B)
anova(Detect)

summary(Detect)

# Check for overdispersion

# First is probably best as it can take variables into account
deviance(Pglm)/df.residual(Pglm)

# Another way, seems similar and gives more info

qcc.overdispersion.test(BSPULSES, type = 'poisson’)

# Quasipoisson adjusts standard errors based on the amount of overdispersion
# Estimates will stay the same but SEs will be larger
Qglm <-glm(PULSES ~ Treatment,data = B, family = 'quasipoisson')

summary(Qglm)

# Pull out means and SEs

str(Pglm)

newdata <- data.frame(Treatment = unique(B$ Treatment))

pred <- predict(Pglm, se.fit = TRUE, newdata = newdata, dispersion =4570.679, type = 'response')
# Can get same result (SE models) using a Poisson as long as you correct for overdispersion

# Can find the overdispersion value in the summary of the quasipoisson model

cbind(newdata, pred)
out <- LSD.test(Detect,"Treatment", p.adj = "bonferroni")
out

out$means$std/(sqrt(out$means$r))

# Compare groups using generalized linear hypothesis test

Qglm_glht <- glht(Qglm, linfct = mcp(Treatment = 'Tukey"))

# Use the Bonferroni adjustment to adjust p-values and account for multiple comparisons
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summary(Qglm_glht, test = adjusted('bonferroni'))

cld(Qglm_glht)

# Run an Ftest

summary(Qglm_glht, test = Ftest())

Quasi-Poisson (Pre- and Post-Harvest)

Year <- read.csv("C:/Users/PHILLIP/Desktop/Count Data with 0 for Species Added.csv")

#Transform Year to a Factor

Year$YEAR <- factor(Year§ YEAR)

B <- Year %>% filter(SITE == 'Beech')

COTO <- B %>% filter(AUTO.ID == 'COTO")

p <- ggplot(aes(x = YEAR, y = freq), data = COTO)
p + geom_boxplot()
Pglm <-glm(freq ~ YEAR,data = COTO, family = 'poisson')

#ANOVA for comparison to data output
Detect <-Im(freq ~ YEAR,data = COTO)
anova(Detect)

summary(Detect)

# Check for overdispersion

# First is probably best as it can take variables into account
deviance(Pglm)/df.residual(Pglm)

# Another way, seems similar and gives more info

qcc.overdispersion.test(COTOS$freq, type = 'poisson')

# Quasipoisson adjusts standard errors based on the amount of overdispersion
# Estimates will stay the same but SEs will be larger
Qglm <-glm(freq ~ YEAR,data = COTO, family = 'quasipoisson')

summary(Qglm)
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# Pull out means and SEs

#Doesn't work accurately

str(Pglm)

newdata <- data.frame(YEAR = unique(COTO$YEAR))

pred <- predict(Pglm, se.fit = TRUE, newdata = newdata, type = 'response')

# Can get same result (SE models) using a Poisson as long as you correct for overdispersion
# Can find the overdispersion value in the summary of the quasipoisson model

cbind(newdata, pred)

out <- LSD.test(Detect,"YEAR", p.adj = "bonferroni")
out

out$means$std/(sqrt(out$means$r))

# Compare groups using generalized linear hypothesis test

Pglm_glht <- glht(Pglm, linfct = mcp(YEAR = "Tukey"))

# Use the Bonferroni adjustment to adjust p-values and account for multiple comparisons
summary(Pglm_glht, test = adjusted('bonferroni'))
cld(Pglm_glht)

# Run an Ftest

summary(Pglm_glht, test = Ftest())

Quasi-Poisson (Slope Position)

Treatment <- read.csv("C:/Users/PHILLIP/Desktop/Pulses Summed.csv")

#Transform Year to a Factor

Treatment$Year <- factor(Treatment$YEAR)

B <- Treatment %>% filter(SITE == 'Beech")

B <- B %>% filter(YEAR !="2015")

Position <- B %>% filter(Treatment == "Control" )
Position <- B %>% filter(Treatment == "Patch Cut" )

Position <- B %>% filter(Treatment == "Shelterwood" )
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p <- ggplot(aes(x = Position, y = PULSES), data = Position)
p + geom_boxplot()

Pglm <-glm(PULSES ~ Position,data = Position, family = 'poisson')

#ANOVA for comparison to data output
Detect <-Im(PULSES ~ Position,data = Position)
anova(Detect)

summary(Detect)

# Check for overdispersion
# First is probably best as it can take variables into account

deviance(Pglm)/df.residual(Pglm)

# Quasipoisson adjusts standard errors based on the amount of overdispersion
# Estimates will stay the same but SEs will be larger
Qglm <-glm(PULSES ~ Position,data = Position, family = 'quasipoisson')

summary(Qglm)

#SE and Groupings for ANOVA
out <- LSD.test(Detect,"Position", p.adj = "bonferroni")
out

out$means$std/(sqrt(outSmeans$r))

# Compare groups using generalized linear hypothesis test

Qglm_glht <- glht(Qglm, linfct = mcp(Position = '"Tukey'))
# Use the Bonferroni adjustment to adjust p-values and account for multiple comparisons
summary(Qglm_glht, test = adjusted('bonferroni'))

cld(Qglm_glht)

# Run an Ftest

summary(Qglm_glht, test = Ftest())

Code Designed by Wendy Leuenberger
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Abstract

Trees provide critical contributions to human well-being. They sequester and store green-
house gasses, filter air pollutants, provide wood, food, and other products, among other
benefits. These benefits are threatened by climate change, fires, pests and pathogens. To
quantify the current value of the flow of ecosystem services from U.S. trees, and the threats
they face, we combine macroevolutionary and economic valuation approaches using spa-
tially explicit data about tree species and lineages. We find that the value of five key ecosys-
tem services with adequate data generated by US trees is $114 billion per annum (low: $85
B; high: $137 B; 2010 USD). The non-market value of trees from carbon storage and air pol-
lution removal far exceed their commercial value from wood products and food crops. Two
lineages—pines and oaks—account for 42% of the value of these services. The majority of
species face threats from climate change, many face increasing fire risk, and known pests
and pathogens threaten 40% of total woody biomass. The most valuable US tree species
and lineages are among those most threatened by known pests and pathogens, with spe-
cies most valuable for carbon storage most at risk from increasing fire threat. High turnover
of tree species across the continent results in a diverse set of species distributed across the
tree of life contributing to ecosystem services in the U.S. The high diversity of taxa across U.
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Author summary

Humans benefit from trees in many ways, including the role they play in regulating cli-
mate, filtering air pollution and providing food, fiber and fuel. Trees also face increasing
risks of damage and mortality from global change forces, threatening the benefits forests
and plantations provide. Trees in the contiguous US generate over $114 billion per year
from five key ecosystem services. The “hidden” value of trees—the non-market value from
carbon storage and air pollution filtration—far exceeds their commercial value. Most tree
species face threats from climate change, many face increasing risk of exposure to major
forest fires, and 40% of total woody biomass is threatened by pests and pathogens. The
most valuable US tree species and groups—including the pines and the oaks, which also
contain the highest numbers of species—are under threat from pests and pathogens. The
services generated by trees come from many different lineages across the tree of life as a
consequence of the high turnover in the species and lineages across regions. The study
highlights the importance of sustaining ecosystem services from the diversity of trees that
grow across the US.

Introduction

Trees contribute to human well-being by sequestering and storing greenhouse gasses, filtering
air pollutants, providing aesthetic and recreational benefits, provisioning wood, food, and
other marketable products, and creating habitat for numerous other species [1-3]. The abun-
dance and composition of US trees is changing due to a complex set of accelerating global
change drivers, including increasing invasive pests and pathogens [4,5], greater frequency of
major fires [6], and changing climatic regimes [7]. These threats have the potential to under-
mine the benefits trees provide and the societal value they could provide to future generations.
In this study we seek to determine the ecosystem services value of US trees and of individual
phylogenetic lineages across the tree of life, identify the services that contribute most to their
value and quantify the extent to which these services are threatened by global change. We ask
how the non-market value of trees compares to their commercial value, and whether the tree
species and lineages that currently provide the greatest benefits are facing substantial global
change threats. In doing so, we provide a baseline accounting—as comprehensively as feasible
given current data—of the value of US tree ecosystem services, the major threats they face, and
their distribution in geographical and macroevolutionary space.

We synthesize existing data sources to estimate the annual net monetary value of five key
ecosystem services provided by over 400 tree species across the contiguous US. Our analysis
includes two regulating services—climate and air quality regulation—and three provisioning
services—managed production of wood products, food crops and Christmas trees. Spatially
explicit information by species was available for these five services. We did not include other
important ecosystem services generated by trees, such as aesthetics or recreation, because spa-
tially explicit information by species was not available.

Analyses of regulating and provisioning ecosystem services supported by biodiversity typi-
cally use ecosystems or landscapes [8] rather than individual species [9] or lineages as the unit
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of study, even though conservation efforts frequently target species, particularly rare or endan-
gered species [10] and consider their phylogenetic context [11,12]. To our knowledge, no
assessment currently exists of the service value of individual tree species and tree lineages. Fill-
ing this gap can increase our basic knowledge of the tree species and lineages on which we
depend and contribute to precision management of forests—efforts that focus on the health
and growth of individual species or lineages, considering their symbionts, pests and pathogens,
environmental preferences and physiological tolerances. In this study, we assess for the first
time, to our knowledge, the production of ecosystem services of individual tree species in the
contiguous U.S. based on their characteristics and tree inventories that allow them to be
mapped accurately across space. The contiguous U.S. refers to the lower 48 states not including
Alaska and Hawaii.

No single tree species has the physiological tolerance to occur in all forests across a conti-
nent. Over time, different species have evolved that collectively tolerate a wide range of cli-
matic and environmental gradients [13]. The tree of life comprises all of the phylogenetic
lineages—groups of species with shared ancestry—that have evolved on Earth. These span
larger climatic and environmental gradients than individual member species [14,15]. Due to
their shared ancestry, species in a lineage share characteristics unique to that group in terms of
genetic potential, form, and traits that influence ecosystem function and contribute to ecosys-
tem services and can also influence susceptibility to certain threats [16-19]. Some ecosystem
services, such as edible fruit production, will be concentrated in certain lineages with particular
characteristics. Such narrowly distributed services may be at risk if those lineages become
threatened. Other ecosystem services, such as carbon storage, will be distributed broadly across
the tree of life, given that all trees store carbon. However, if dominant tree species or lineages
that provide a large fraction of these services are threatened, then the provisioning of these ser-
vices is also at risk, at least for a period of time before other species grow to take their place.

As a consequence of the evolved variation among species in physiological tolerances and
niches, the turnover—or beta diversity [13,20,21]—of tree species and phylogenetic lineages
across major environmental gradients may be important to generating the full value of tree
ecosystem services. While we do not explicitly consider the value of tree biodiversity in terms
of net biodiversity effects—enhanced productivity [22,23], multifunctionality, resilience [24]
and ecosystem services [25] of diverse tree stands compared to expectations from monocul-
tures—we consider how the breadth of tree species and tree lineages across the tree of life that
inhabit the range of environments across the contiguous US contribute to current ecosystem
services. To do so, we map the value of trees and calculate the economic contributions to these
services of every US tree species and lineage.

To gain insight into where trees are most threatened regionally and by what type of threat,
we map where trees are most threatened by pests and pathogens [4], climate change [7] and
increases in the frequency of major fires [6]. We further calculate the extent to which each tree
species is threatened to understand how these threats are differentially distributed among taxa.
Vulnerability to these threats varies among species both because of differences in physiology
and spatial proximity to threats [26-28]. Environmental change, pests, and disease are antici-
pated to cause decline in some species and lineages that currently provide high levels of ser-
vices in certain regions of the U.S. [29-31]. We identify the locations across the U.S. and
across the tree of life where service value is likely to be most affected. This analysis identifies
potential problems that can be targeted by precision forestry management practices [10]. Our
approach goes beyond previous work by allowing us to identify where tree conservation and
threat mitigation will be most valuable and which specific lineages within a landscape deserve
particular attention.
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Results

Between 2010 and 2012, trees in US forests, orchards, and plantations provided nearly $114
billion (B) per year (low: $85 B, high: $137 B; 2010 USD) in net value via two regulating ser-
vices (climate and air quality regulation) and three provisioning services (wood products, tree
crops and Christmas tree production) (Fig 1A). Climate regulation benefits via carbon storage
in tree biomass represented 51% of this net annual value, while preventing human health dam-
ages due to air pollution filtering by trees, i.e., air quality regulation, represented 37% of the
annual net value. The remaining 12% of the net annual value came from provisioning services.
Estimates of provisioning services are more precise than the estimates of annual regulating ser-
vice values. The differences in precision are driven mainly by the differences in the available
information about the per unit values—or prices—of these ecosystem services. The provision-
ing services analyzed here generate commercial products that have a market price. In contrast,
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Fig 1. (A) Total net annual ecosystem service values provided by contiguous US trees between 2010 and 2012. The squares give mean estimated value and the error
bars show the range in expected values. (B) Ecosystem service annual value (blue bars) and (C) potential threats (brown bars) for tree species across the tree of life.
Ecosystem service value bars emanating from each tree of life measure the percentage of total service value generated by each species. Threats bars emanating from
each tree of life measure represent the proportion of each species’ current total biomass at risk from the indicated threat. Climate change refers to tree biomass
threatened from changes in multiple temperature and precipitation variables. (D) Phylogeny of the US trees, with color wedges indicating the location of particular
clades (also shown in (B) and (C) trees of life). Note that ecosystem service values for some tree crop species in B are negative and shown in red pointing inward. See
the Methods and Data section for details on error bound calculations in A. The error bound around air quality regulation reflects uncertainty in the air pollution
dose-human health damage response function. Asterisks for air quality regulation represent the additional uncertainty created when the uncertainty in the value of a
statistical life (VSL) is included in the calculation of human health damages avoided by tree-based filtering of air pollution. Contributions of tree species to carbon
annual value (B) (and total ecosystem service value) are significantly more dispersed across different branches of the tree of life than expected at random—with mean
phylogenetic distances, MPD = 489 (P = 0.012) and MPD = 475 (P = 0.037)—while contributions of tree species to crop value are significantly more clustered within
certain branches of the tree of life than expected at random (MPD = 189, P = 0.001). The threat from increases in frequency of severe fires is significantly
overdispersed across the phylogeny (C), (MPD = 505, P = 0.001), while pests and pathogen threats are more likely to threaten a close relative that is also threatened
than expected at random (MNTD = 52, P = 0.001). See S2 Table for details.

https://doi.org/10.1371/journal.pstr.0000010.9001
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the per unit values of climate and air quality regulating services, given by the social cost of car-
bon (SCC) and the value of a statistical life (VSL), respectively, are estimated with a range of
models with different sets of assumptions and simplifications, all using imperfect data, leading
to large error bounds [32-35].

Most valuable tree lineages in US forests, plantations, and orchards

Benefits provided by trees in the US are distributed across the tree of life (Fig 1B), yet two
major lineages—the pines (Pinus) and the oaks (Quercus)—respectively generated $25.4 B and
$22.3 B in net benefit annually between 2010 and 2012 and are by far the most valuable genera
in the contiguous US (Table 1). Both lineages have a high number of species that occupy
diverse ecological niches and collectively contribute to their high abundance and biomass
across the continent [15]. Pines dominated annual net revenues from wood products at $7.4 B,
due in part to the high volume of wood produced and partly due to their higher than average
price. Pines generate more than five times the timber net revenue of any other genus (Table 1).
Oaks had the highest annual climate ($10.7 B) and air quality regulation values ($11.0 B). All
US tree species provide some carbon storage and air quality regulation service value. A species’
air quality regulation value depends on its abundance and total leaf area as well as the proxim-
ity to human populations affected by pollution [28,36]. Consequently the importance of oaks
for regulating service value can be attributed to the high number of species and large popula-
tions sizes of many of those species across the US landscape; and in the case of air quality regu-
lation, their abundance near large human population centers.

Within the family Rosaceae, the genus Prunus, which includes almonds, peaches, and cher-
ries, contributed nearly $2.0 B to US agricultural net revenue annually between 2010 and 2012
(Prunus species made up 35.1% of all tree crop acreage between 2010-2012), while the apple
genus (Malus) contributed more than $0.94 B. Although apple’s market value per unit of yield
was not very high between 2010 and 2012, it was the third most planted tree crop genus, only
behind Prunus and Citrus. The Citrus genus (family Rutaceae), is also an important crop genus
in the US (the second most widely planted genus between 2010 and 2012). However, the
annual net returns from citrus products were negative between 2010 and 2012 due to abnor-
mally low citrus market prices [37] and the prevalence of citrus greening bacterial disease in
Florida and to a lesser extent, Arizona and California [38].

For the set of ecosystem services examined here, the most valuable tree species in the US as
of 2010-2012 were loblolly pine (Pinus taeda), generating $12.9 B (low: $11.0 B; high: $14.3 B;

Table 1. The most valuable contiguous US tree genera ranked according to aggregate net annual value (2010 USD) generated across five ecosystem services between
2010 and 2012: annual climate regulation value via carbon storage, annual air quality regulation via health damages avoided due to air pollution removal (PM, 5
and O;), and annual net revenue from wood products, tree crops, and Christmas tree production.

Rank | Common Name

1 Pine Pinus

2 Oak Quercus

3 Maple Acer

4 Douglas-fir Pseudotsuga
5 Hemlock Tsuga

6 Cherry/Almond | Prunus

7 Spruce Abies

8 Hickories Carya

9 Tulip tree Liriodendron
10 Ash Fraxinus

https://doi.org/10.1371/journal.pstr.0000010.t001

Scientific Name | Aggregate

$25,389,289,489
$22,327,731,163
$11,074,529,157
$8,555,113,301
$4,467,535,785
$4,125,822,231
$3,839,147,244
$3,598,686,663
$3,009,207,291
$2,908,276,099

Climate Regulation |Air Quality Regulation | Wood Products | Tree Crops

$10,597,549,418
$10,702,056,084
$5,243,370,527
$5,908,159,459
$3,008,325,009
$780,954,517
$2,885,232,261
$1,738,261,008
$1,373,715,800
$1,384,668,426

$7,402,536,592
$11,048,359,855
$5,534,340,848
$1,455,004,741
$1,225,172,716
$1,074,096,913
$818,850,801
$1,752,900,146
$1,499,753,000
$1,454,588,583

Christmas Trees
$7,380,913,415 $8,290,065
$577,315,224
$296,817,782
$1,183,176,063
$234,038,059
$217,688,989
$75,832,332
$60,175,136
$135,738,491
$69,019,090

$8,773,039

$2,053,081,812
$59,231,849
$47,350,374
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2010 USD) in net value annually and Douglas-fir (Pseudotsuga menziesii). Almond trees gener-
ated $2.5 B annually between 2010 and 2012, the highest annual net return across all crop trees
in the US (low: $1.9 B; high $3.1 B) (S1A Table). The high almond tree value was due to their
abundance (471,259 ha; 20,397 more ha per annum than the next most abundant fruit tree,
oranges) and high market price (between 2010 and 2012, the nominal price of a pound of
almonds was $1.99; of all the tree crops, only pistachios had a higher per pound market price
during this period).

Variation among species in ecosystem service value

Tree species with high carbon storage value, the most valuable service, are more evenly dis-
persed across the tree of life than expected at random (NRI = -2.04, P = 0.02, S2 Table). Air
quality regulation value is distributed at random across the tree of life (NRI = -0.54, ns). Ata
finer scale looking only at close relatives, nearest evolutionary neighbors tend to have similar
air quality regulation values (NTI = 1.61, P = 0.02, S2 Table), even though these clusters of sim-
ilar and closely related species are spread across all lineages.

Unlike the regulating services, tree crops are significantly clustered in the tree of life
(NRI = 4.35, P = 0.001, S2 Table) and include relatively few lineages, such as trees in the Rose
family (almonds, apples, pears, and cherries) (Fig 1B, Table 1). Many lineages provide wood
products, but the amounts vary widely among species within those lineages, and the most valu-
able species are not significantly clustered within any lineage. The overall value of ecosystem
services for the benefits evaluated are dispersed more evenly across the tree of life than
expected at random (NRI = -1.69, P = 0.037), consistent with trends found at global scale [39].
Species that generate individual services—like tree crops, wood products, or Christmas trees—
tend to be found in different places in the tree of life, and the overdispersion of the most valu-
able service (carbon) shows that many different lineages contain abundant species that con-
tribute to carbon storage.

Spatial variation in ecosystem services of trees across the contiguous U.S.

The spatial distribution of ecosystem services produced by US trees between 2010 and 2012
largely reflects forest, plantation, and orchard distribution (Fig 2). Climate and air quality regu-
lation service values are a direct consequence of where forests grow; they cover most of the con-
tiguous US, excluding grassland and desert biomes (Figs 2A and 2B). However, health damages
avoided by tree-based air pollution removal values tend to be greatest near large urban areas
that are surrounded by forests. Between 2010 and 2012 people living in eastern urban areas, par-
ticularly the New York, Boston, Pittsburgh, and Atlanta areas, as well as Seattle and California’s
Bay Area benefited greatly from air pollution removal by forests between 2010 and 2012 (Fig
2B, S1H and S1I Text, S7 and S8 Tables, S3 Fig). Trees can also filter and absorb pollutants
released by forest fires [28,40]. However, our air quality regulation service valuation is only
based on the industrial and transportation-related emissions that trees filter and absorb.

The most valuable tree crops are grown on the coasts, in the Southwest, and in warm and
arid climates, often where forests do not grow (Fig 2C). Tree crops produce the highest net
returns in California but also generate high net values in several Southwest, Southern, and
Eastern states. In contrast, timber production is concentrated in a subset of the regions that
also produce high climate regulation and air pollution removal values, including the Southeast
and the Pacific Northwest, as well as in the Northeast and Upper Midwest (Fig 2D).

Both services and threats are spatially heterogeneous, with different kinds of services and
threats concentrated in different parts of the contiguous U.S. (Figs 2 and 3). Climate change
threatens species in all parts of the continent (Fig 3A), while pest and pathogen threats are
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Fig 2. Annual net ecosystem service value generated between 2010 and 2012 (in 2010 USD) (A) climate regulation via carbon storage, (B) air quality regulation
via human health damages avoided by tree-based filtering of air pollution (C), wood product net revenue (D) tree crop net revenue, (E) Christmas tree net
revenue, (F) and the total value across all five services in contiguous US counties across the U.S. Darker shades of blue indicate higher annual net values. Shades
of orange and red represent negative net annual values. Missing data are indicated in white. A-D are reported in millions of USD, E in thousands of USD and F
in billions of USD. Annual Tree crops, wood product, and Christmas values account for costs of production while annual provisioning service values (climate
and air quality regulation) have no cost of production (these values are incidental). See Methods and Data for details of how values are allocated to counties.

https://doi.org/10.1371/journal.pstr.0000010.g002

strongest in counties of the Southwest and Southeast (Fig 3B). Major wildfires are expected to
increase especially in California and the Intermountain West (Fig 3C), coincident with where
carbon annual storage value is highest (Fig 2A).

A.

@)

limate Change B. Pests and Pathogens C. Increase in Major Fires

Expected biomass change Expected biomass loss Proportional increase
(proportion) (proportion)

— 0 — 0.000006 — 0.003 - 0.11 — 0 - 0.003
—— 0.000006 - 0.087 — 011 - 0.168 — 0.003 - 0.005
B— 0.087 - 0304 B— 0.168 - 0213 EB— 0.005 - 0.009
B— 0304 - 058 B— 0213 - 0252 B— 0.009 - 0.023
B— 058 - 0852 B— 0252 - 03 B— 0023 - 0068
B— 082 -1 B— 03 - 09 B— 0068 - 058

Fig 3. Magnitude of county-level threats across the contiguous US. Darker colors indicate greater threat to the biomass currently located in the county.
Missing data are indicated in white. (A) Proportion of current total tree biomass in each county that is expected to be exposed to climatic regimes
(determined from multiple precipitation and temperature variables) outside the current range that they can tolerate as of 2050. (B) Proportion of current
tree basal area in each county that is expected to be lost to pest and pathogen outbreaks as of 2050. (C) Proportional increase in fire exposure (number of
expected major fires per week compared to the 20" century maximum) per county as of 2050. See Methods and Data section for details of how values are
allocated to counties.

https://doi.org/10.1371/journal.pstr.0000010.9003
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Low similarity in the tree species that provide ecosystem service value in
different regions

We generally found low similarity in the tree species (Fig 4 and S1 Fig) that provide ecosystem
services in different regions. Thus, different tree species tend to account for the same ecosys-
tem service in different ecodivisions. Ecodivisions represent regional ecological units (Fig 4C)
of environmental similarity. Tree crops, which are frequently planted in geographically dispa-
rate but climatically similar regions, were an exception. Species similarity values (possible
range: 0-1) averaged across pairs of ecodivisions, were much higher for tree crops (0.54, SD
0.23) than for carbon storage (0.09, SD 0.13), air quality regulation (0.07, SD 0.13) or wood
products (0.04, SD 0.1). Lineage (or phylogenetic) similarities of tree services (S1 Fig) among
ecodivisions were always higher than species similarities, indicating that different species in
the same lineage (e.g., oaks) provide services in different regions. Lineage similarities among
regions were again higher for tree crops (0.68, SD 0.16) than for carbon storage (0.56, SD
0.14), air quality regulation (0.55, SD 0.14) or wood products (0.53, SD 0.19). However, Christ-
mas trees, calculated for states only, showed very high lineage similarities among states (0.8,
SD 0.24), despite very low species similarities (0.18, SD 0.19), as all of the different tree species
that provide this service are from the same major branch in the tree of life.

Pines provided the greatest wood product net revenue in a number of regions, although in
some regions Douglas-fir or oak trees provided more of this service. Overall, we found low
similarity (high spatial turnover) in the species that provide the ecosystem services we evalu-
ated (Fig 4, S1 Fig) because different species—and to a lesser extent, different lineages—grow

A. Species similarity B. Phylogenetic similarity

Median  Mean SD Median Mean SD
Carbon Storage Annual Value 0.02 0.09 0.13 0.54 0.56 0.14
Air Pollution Removal Value 0.01 0.07 0.13 0.54 0.55 0.14
Wood Products Annual Net Revenue | 0.00 0.04 0.10 0.50 0.53 0.19
Tree Crop Annual Net Revenue 0.50 0.54 0.23 0.68 0.68 0.17

C. Ecodivisions in US Forests

’

Fig 4. Similarities among species (A) and phylogenetic lineages (B) in the trees that contribute to ecosystems in different
ecodivisions (C) of contiguous US forests. Shown are the mean, median and standard deviation of pairwise similarities
across ecodivisions using 1-Bray-Curtis dissimilarities (species similarities) and phylosor (Bryant et al. 2008) similarities
(phylogenetic similarities), with values ranging between 0 and 1. Higher values indicate many of the same species or lineages
contribute to the ecosystem service in different ecodivisions (1 = all of the same species or lineages contribute), while lower
values indicate different species or lineages contribute to an ecosystem service in different ecodivisions (0 = none of the
same species or lineages contribute). Ecodivisions are defined by the USDA Forest Service (C). See S1 Fig for details.

https://doi.org/10.1371/journal.pstr.0000010.g004
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in different regions. Consequently, the current total ecosystem service value of trees in the US
results from many different species that occur naturally or are planted across different climates
and environments.

Species and lineages most threatened by regional and global change

The important ecosystem services that trees provide are under threat from global change. Cli-
mate change, measured as the percentage of the species’ biomass expected to be exposed to lev-
els of annual temperature, precipitation, and aridity in 2050 that is outside of the range they
can tolerate, fire frequency and intensity, measured by average projected change in fire fre-
quency in the counties that contain the species, and the growing number of invasive pests and
pathogens are all projected to impact the health, mix, and spatial distribution of U.S. tree pop-
ulations. Most tree species in the U.S. are threatened by climate change. Due to increasing
aridity, alone, 45% of species are anticipated to have at least 10% of their current biomass
encounter climates outside their current climatic envelope. Eighty-eight percent of tree species
are projected to have at least 10% of their biomass exposed to climates outside the current cli-
mate envelope, impacting nearly 40% of total tree biomass in the contiguous U.S. Known pests
and pathogens are threatening 16% of tree species, potentially impacting up to 40% of total
tree biomass. Increased fire frequency is expected to impact 40% of species, meaning that these
species are expected to encounter at least one additional major fire somewhere across their
range (Table 2).

We evaluated the dispersion of these threats across the phylogeny. Threats to tree species
were dispersed widely among lineages (S2 Table), except for known pests and pathogens,
which clustered within certain lineages (NTI = 2.66, P = 0.001, S2 Table), including the oak
and pine genera as well as in most of the crop species (Fig 1C). Consequently, tree species that
are known to be at risk of damage from pests and pathogens—measured as the fraction of the
species’ current biomass (tree crop species) or basal area (non-tree crop species) threatened by
pests and pathogens—are also significantly more likely to have close relatives also at risk. Tree
vulnerability to enemy attacks is tightly linked to phylogenetic identity, given long-term evolu-
tionary processes that drive enemy-host compatibility [17,41,42]. Therefore, phylogenetic line-
age is a strong predictor of risk. However, we acknowledge that the pattern may reflect biases
in human knowledge as the pests and pathogens that affect the most abundant and most valu-
able species are the most studied [43]. Risks to less abundant or less valuable tree species,
including novel pathogens that could spread to other species, may not be well understood.

In contrast to pests and pathogens, which have high phylogenetic specificity, the vulnerabil-
ity of tree species and lineages to changes in climate depends most on where species are

Table 2. Summary of the percent of tree biomass and tree species threatened from climate change linked to increasing aridity, multivariate climate change includ-
ing changes in temperature, precipitation and aridity, known pests and pathogens, and increased fire exposure.

Threat

Climate change-
aridity

Multivariate climate
change

Pests and pathogens

Increasing fire
frequency

% of total tree biomass
threatened

11.3%

39%

40%
NA*

Threat threshold description % of tree species
threatened

Species with more than 10% of their biomass under threat from climate change-aridity 46%

Species with more than 10% of their biomass under threat by multidimensional climate 88%
change (temperature, precipitation, aridity)

Species with more than 10% of their biomass under threat by pests and pathogens 16%

Species expected to be exposed to one additional major fire on average across their range | 40%

*It was not possible to estimate percent of tree biomass threatened with increased fire frequency.

https://doi.org/10.1371/journal.pstr.0000010.t002
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distributed in relation to predicted climate changes. Tree species forecast to have high expo-
sure to climate threats are widely dispersed-no different from random dispersion-across the
tree of life (NRI = -0.30, S2 Table), given that changes in climate are expected across the coun-
try. Similarly, the threat due to increases in fire frequency is overdispersed—more evenly
spread than random dispersion—across the tree of life (NRI = -4.59, P<0.001, S2 Table), indi-
cating that the spatial distribution of species in regions where fire is increasing matters most in
predicting the threat, not their phylogenetic lineage.

Associations between services and threats by species

Known pests and pathogens are predicted to disproportionally affect species that generate high
annual net climate regulation, air quality regulation, and wood product values (Fig 5A). Some
of this positive association is undoubtedly driven by an abundance effect. Species with higher
abundance generate more economic value, all else equal. More abundant species may also
attract a higher prevalence of insects and pathogens and enable faster spread, exacerbated by
the fact that some of the most abundant species are closely related and hence more susceptible
to the same threats [41,44]. Pests and pathogens of more abundant species may also be better
documented. The only other statistically significant positive associations between species-level
economic value and species-level threats are 1) wood product value and degree of risk due to
climate change and 2) carbon storage value and the risk of increasing frequency of major fires.
These associations are less easily explained by species abundances and are likely linked to a
spatial confluence of high value species and these particular threats.
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Fig 5. Associations between annual net ecosystem service values of tree species in the US and their predicted threats and drivers of change based on Spearman’s
rank-order correlations. A) Species-level correlation coefficients (rho) between annual net ecosystem service value and predicted threats. B) Spatial correlations
between annual net ecosystem service value and predicted threats by US counties. Colors (blue) indicate significant positive associations, indicating more valuable tree
species are under more threat. Darker colors indicate stronger correlations. Service values refer to those generated between 2010 and 2012. Modeled expectations for
changes in frequencies of major fire are not available in some regions precluding accurate estimation of their potential threat to some tree crop species in A; correlation
is not shown.

https://doi.org/10.1371/journal.pstr.0000010.9005
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Spatial association of services and threats

Spatial associations between tree services and threats largely parallel species associations (com-
pare Fig 5B to 5A). The counties with highest carbon annual value from trees coincide with
those most impacted by increases in fire frequency, pests and pathogens, and climate change.
Likewise, air pollution removal values are highest in counties most threatened by pests and
pathogens. Pest and pathogen threats—strongest in counties of the Southwest and Southeast—
are negatively associated with timber value, but positively associated with tree crop values.

The only major disagreement between species- and spatial-level tree service and threat cor-
relations is found in the wood product-pest and pathogen nexus. While the most valuable
wood product (timber) species are disproportionately affected by pests and pathogens, many
of the counties that produce more timber value are less affected by pest and pathogen threats
than counties that produce less timber. Given that species vary in abundance and counties
vary in diversity, we do not necessarily expect species and spatial correlations to correspond.
We further note that the associations are determined by non-parametric spearman-rank corre-
lations which depend on the rank order rather than the magnitude of values. The discrepancy
could also be linked to spatial variability in the spread of pests and pathogens and where tim-
ber is produced. Some of the major pests and pathogens that impact important timber species
in the western and central US have not yet invaded or do not currently impact areas with high
wood product production in the northeastern and southeastern US. For example, mountain
pine beetle (Dendroctonus ponderosae), a species of pine bark beetle that carries pathogenic
fungi, yeast and bacteria, has caused considerable damage in British Columbia and the western
U.S. to pines that are valuable timber species [45,46]. However, it is currently not present in
the northeastern or southeastern U.S., both regions that have high timber production [47].
Similarly, the oak wilt fungus (Bretziella fagacearum), which is killing widely distributed and
valuable oak species in the central U.S., has not yet invaded the eastern U.S. [29,48], including
regions where timber production is high.

Discussion

This study shows that the “hidden” value of trees—the non-market value from carbon storage
and air pollution filtration—far exceeds their commercial value. The most valuable U.S. tree
species and groups—including the pines and the oaks, which also contain the highest numbers
of species—account for 42% of the value of these services and are under greater threat from
pests and pathogens than other lineages. Overall, nearly 90% of species face substantial threats
from climate change, many face increasing fire risk, and 40% of total woody biomass is threat-
ened by pests and pathogens (Table 2). For the ecosystem services quantified in the current
study—climate and air quality regulation, and three commercial provisioning services (wood
products, tree crops and Christmas tree production)—trees in the contiguous U.S. contributed
over $114 B annually (2010 USD) in value. The broad distribution of services across the tree of
life is a consequence of the high turnover in composition (beta diversity) across the continent,
highlighting the importance of sustaining a diverse group of trees for human health and well-
being across the U.S.

Regulating ecosystem services in different regions of the country are provisioned by differ-
ent tree species, such that each region gets their climate and air quality regulation services
from a different set of species. No single species is responsible for a large portion of the calcu-
lated annual service value, and individual tree species differ markedly in their ecosystem ser-
vice value. Consistency of these services across regions depends on the maintenance of tree
diversity across the country as the species that provide the highest values arise from species
across the tree of life (Fig 1B). In contrast to individual species, two genera, the pines and oaks,
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contribute disproportionately to the five ecosystem services we assess, generating nearly $47.7
billion each year (Table 1). These two highly valuable lineages are also the most diverse, with a
large number of individual species occupying diverse niches that span the continent.

These important genera are at risk from lineage-specific pests and pathogens that have spe-
cialized for specific branches of the tree of life. Other global change threats, including climate
change and fire, impact lineages all across the tree of life. Wildfires are a dangerous threat, par-
ticularly in the western regions, as they (at least temporarily) destroy tree service supply while
at the same time creating local and regional air pollution [49] that will be less effectively miti-
gated by trees. As forest ecosystems are impacted by global change, the mix of tree species that
provide critical ecosystem services will be altered. The consequences of these changes are
unknown and could lead to losses in ecosystem benefits and human well-being but could also
plausibly lead to an increase in some services. Anticipating the consequences of these changes
remains a critical challenge.

Our estimate of the annual value of ecosystem services provided by trees depends on the
stock of trees at the time of evaluation (2010-2012), and as such represents a static snapshot of
the value of trees. A full dynamic analysis of the value of trees would attempt to estimate the
present value of the flow of ecosystem services through time incorporating the potential future
trajectories for distribution of trees and the potential future trajectories for prices for services.
Such an analysis should incorporate potential future threats from pests and pathogens, fire, cli-
mate change, and other risks. How forest composition would change in response to such
threats requires analysis of what species might be well-adapted to future conditions, and what
species might expand should a pest or pathogen reduce the abundance of a currently common
tree species. Further, we treat climate change, pests, and fires as independent threats, due to
the complexity of the modeling of their relationships and the availability of data. Addressing
these issues is an important but challenging goal for future research.

The current analysis likely understates the value provided by U.S. trees for several reasons.
First, most urban ecosystems are not considered in this analysis. The USES Forest Inventory
Analysis (FIA) databases used in this analysis only include natural forests and tree stands man-
aged for productive use, of which few are in urban areas [50,51]. No nationwide spatial data-
base of urban trees exists. Inclusion of urban trees in the analysis would significantly increase
the value of health damages avoided due to tree-based air pollution removal, given that air
quality improvement benefits are greatest in the most population dense areas [28]. Urban trees
would also increase our estimate of climate regulation value. For example, Nowak et al. [50]
estimate 643 M Mg of carbon are stored in urban areas, which translates to $2.31 B (2010
USD) annually using our climate regulation valuation approach (see the Methods and Data
section). Second, due to data limitations, we omitted many regulating ecosystem services that
trees provide, such as erosion control, flood regulation [52], storm surge regulation [53],
urban heat island regulation [54], energy savings due to shade [55], and species habitat provi-
sion. Nowak et al. [56] estimate that trees and forests in urban areas in the continental U.S.
annually reduce electricity use by 38.8 M MWh and heating use by 246 M MMBtus, translating
to $7.8 B in energy savings annually. We also leave out the contribution of trees to recreation,
ornamental, spiritual, and aesthetic values [57-61]. Including these services in our analysis
would greatly increase the value provided by U.S. trees.

A complete accounting of the value provided by U.S. trees would also require estimates of
the damages trees cause and the cost of their maintenance. While we do account for some of
the costs of providing and maintaining wood product, tree crop, and Christmas tree products,
there may be additional hidden costs we do not capture, such as the full cost of water used for
almond tree production in California. Tree-related damages include pollen and sap-related
irritations, injuries to people and property caused by falling trees and limbs, and their role in
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generating fires [62-65]. Further, while trees remove some of the air pollution humans would
otherwise inhale, trees can exacerbate the damage caused by air pollution. For example, in cer-
tain urban street grids, trees block airflow, trapping pollution that would otherwise dissipate
[66]. Additionally, trees are a source of the volatile organic compounds (VOCs) isoprene and
monoterpenes, which contribute to tropospheric ozone and secondary particle formation [67].
However, trees simultaneously decrease VOCs potentially leading to a slight net reduction
[68]. We were unable to include all service and disservice values, a task no study to date has
systematically tackled.

The estimated annual values of the climate and air quality regulation have large uncertainty
due largely to uncertainty in the social cost of carbon and the value of a statistical life (i.e., the
value that people assign to small reductions in the risk of premature death due to improve-
ments in environmental quality). Further imprecision is introduced to the air quality regula-
tion value because of uncertainty in the air pollution dose-mortality response function,
although the uncertainty in VSL alone explains approximately 90% of the range in air pollution
removal value (S7 Table). The estimated annual values of the provisioning services are more
precise because they are calculated from the market price for the per unit value of tree crops,
wood products, and Christmas trees, as well as reliable production volume data.

The hidden value of regulating services is the most important source of value generated by
trees. Regulating services are currently provisioned from a diverse collection of evolutionary
lineages across the continent. The same services are provided by different species in each
region—suggesting that regulating services lost due to local or regional extinction of particular
species could (eventually) be provided by other species. However, replacement or evolutionary
adaptation by tree populations will take time [69-71] during which regulating services may be
reduced. In areas where substitute provider species do not emerge or lag times are extensive—
which is likely given the long generation times and slow evolutionary rates of many trees—pol-
icy intervention will be necessary to preserve the climate and air quality regulation services.
Regulating services are not sold on markets and are often not appreciated by the public; there-
fore, market forces cannot be expected to fill gaps in future regulating services without addi-
tional policy instruments [72]. Mechanisms—such as carbon payments, if designed properly—
may help enhance regulating services [73].

In contrast to regulating services, provisioning services are generated primarily from a
small number of crop trees that cluster within a small portion of the tree of life (NRI = 4.35,

P =0.001, S2 Table). Threats to these relatively few tree species and lineages with high provi-
sioning service value are likely to be managed by landowners given the financial rewards to
threat mitigation can be captured in existing markets. For example, there are commercial
incentives to invest in protection against pests and pathogens that target commercially valuable
species like grafting one species onto rootstock of a closely related species that is more resistant
to pathogens or abiotic stress [74]. Further, changing environmental conditions may create
incentives for these species to be grown in new locations [75,76].

Left unchecked, threats posed by lineage-specific pests and pathogens that target forest
trees are of particular concern because major losses of dominant species and lineages that cur-
rently have high ecosystem service value would undermine forest capacity to provision these
benefits. Currently, the most valuable and diverse tree species and lineages, the pines and the
oaks, are under increasing threats from pests and pathogens, such as pine beetle [77,78] and
oak wilt [29]. These threats appear to be increasing partially as a consequence of climate
change [30, 48], and multiple threats can interact, exacerbating outcomes [79]. The results pre-
sented here highlight the importance of targeted management efforts to slow the spread of
these diseases and agents of forest decline. Despite successes in developing resistant strains of
crop trees and containing pathogen threats, the number of disease and insect threats that
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currently put trees at risk is alarming [29, 80, 81], threatening over 40% of U.S. forest biomass
[82]. Chestnut blight and Dutch elm disease are two powerful examples of how once-dominant
tree species that provided many services were decimated by disease [4].

The high diversity of taxa across U.S. forests may be important in buffering ecosystem func-
tions service losses if and when the most valuable lineages are compromised. If major losses of
tree taxa are incurred as a consequence of rising threats, other species will need to fill those
voids to maintain ecosystem services. Sustaining the value that trees currently contribute to
human well-being depends on sustaining the many tree species and lineages that collectively
occupy the diversity of ecological niches across the continent. To do so requires intentional
management of forests and trees in the face of myriad and simultaneous global change threats.
Our study provides information and an approach that can contribute to precision forestry
practices and ecosystem management—an approach that is applicable to other regions
globally.

Materials and methods
Ecosystem services

We measured the net value of five tree-related ecosystem services by accounting for the value
of benefits provided, minus the direct costs incurred to produce these services when applica-
ble. Climate regulation and air pollution removal have no direct costs. The sources of direct
costs for wood products production are in S3 Table and [83]; for tree crops and Christmas tree
production, the sources are in 54 Table. These five services all had publicly available data,
national coverage, and well-vetted valuation methods. These five services included two regulat-
ing services (climate regulation and air pollution removal) and three provisioning services
(wood products, tree crops, and Christmas trees). We did not analyze services such as recrea-
tion, wildlife habitat, coastal protection, and aesthetic benefits derived from trees because
these services either lacked a nationwide database or a suitable methodology linking benefits
to specific tree species.

Annual value of climate regulation via carbon storage. Forest carbon stocks (live above-
ground and belowground carbon) of trees by species by county were estimated using data and
methods from the U.S. Forest Service (USFS) Forest Inventory and Analysis (FIA) [84]. Total
standing live aboveground carbon stocks was estimated following the method of Woodall et al.
[85]. The live belowground carbon stocks were modeled as a function of the aboveground live
tree carbon stocks following [84] (see S1 Text D).

The FIA data does not include carbon stored in fruit and nut orchards or Christmas tree
farms. We calculated estimates for live aboveground carbon for fruit and nut orchards and
Christmas tree farms by species by county. Christmas tree farms have short harvest rotations;
fruit and nut orchards have longer rotations. We set carbon storage values for these production
systems equal to the mean carbon stored in an orchard or farm’s biomass halfway through its
rotation (see S5 Table, SIE Text). We use county level data on orchard acreage to get carbon
stored by fruit and nut trees by county [86]. Only state level acreage is reported for Christmas
tree farms. We allocated Christmas tree farm acreage to counties based on county-level popu-
lation (U.S. Census Bureau 2016; see S1F Text, S6 Table). Overall results for carbon storage are
insensitive to county allocation for Christmas tree farms because the latter make up 0.0004%
of total calculated carbon storage.

To measure the monetary value of carbon storage for a single year we computed an annual-
ized value for the social cost of carbon (ASCC) (S1G Text). The ASCC is derived from the
social cost of carbon (SCC), which is an estimate of the present value of damages from releas-
ing one ton of carbon into the atmosphere. SCC represents the value of carbon storage in
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perpetuity. We converted SCC to an annualized value (ASCC) that represents the value of car-
bon storage for a single year. We used a range of SCC values to calculate a range of ASCC val-
ues. SCC estimates include $38.57 Mg™ of C in 2010 $ assuming a 5% discount rate, $119.58
Mg of C in 2010 $ assuming a 3% discount rate, and $192.87 Mg ™' of C in 2010 $ assuming a
2.5% discount rate [87]. These values translate to ASCCs of $1.93 Mg’1 of Cin 2010 $ for a 5%
discount rate, $3.59 Mg™' of C in 2010 $ for a 3% discount rate, and $4.82 Mg ™' of C in 2010 $
for a 2.5% discount rate.

Annual value of air quality regulation via avoided health damages due to tree-based air
pollution removal. Removing air pollutants from the atmosphere provides benefits to
human health, crop and timber yields, visibility, materials, and recreational opportunities
[88,89]. Here, we calculated the value of the reduction in human mortality from removal of
fine particulate matter (PM, 5) and ozone (O;) from the atmosphere by trees. Reductions in
human mortality are the largest of the benefits generated by improving air quality [90].

The benefits from pollution reductions by trees were determined using estimates of the
amount of pollution removed by tree species by county by pollutant [28,50], the 2011 National
Emissions Inventory [91], and the AP3 integrated assessment model [92-94]. Nowak et al.
[28,50] provide estimates of each pollutant removed by species by county by year. We then
converted measures of annual pollutant removed by a species in a county to annual average
improvements in ambient air quality, measured in pug/m?/year, by dividing the pg/year
removed in a county by the volume of air space in the county (land area x vertical height in
meters, see S1H Text).

The AP3 model links emissions of common air pollutants by county in the U.S. to the ambi-
ent concentrations PM, 5 and O; in each county. Using the National Emissions Inventory, AP3,
and U.S. EPA’s value of statistical life (VSL) estimate of $7,570,229 (2015 USD), we computed
county-level exposures, mortality risk, and monetary damages associated with the baseline level
of 2011 emissions [94]. We calculated the average annual damage caused by a pollutant in a
county in 2011 (in $ 2010) by dividing the monetary damage predicted by AP3 for that pollutant
in 2011 in the county by the ambient concentration of the pollutant in the county in 2011.

We found the expected annual value of PM, s removal by a tree species in a county by mul-
tiplying the average damage caused by PM, 5 in the county (measured in $/ug/m’) by the
amount of the PM, s removed by the species in the county over the course of a year (also mea-
sured in pg/m’). We repeat this process to estimate the annual value generated by a species in
a county that removes O; from the atmosphere. In Fig 1A shows the expected value of air pol-
lution removal across all species, counties, and the two pollutants.

We used a Monte Carlo analysis to characterize the statistical uncertainty associated with
our estimates. Specifically, we constructed two normal distributions, with means and variances
that corresponded to the estimated distributions associated with U.S.-EPA’s VSL [95] and the
concentration-response parameters for PM, 5 [96] and for O3 [97]. We made 1,000 draws
from these distributions, calculating benefits of pollution removal by species by county for
each draw-thus constructing species and county specific empirical distributions of our benefit
estimates. We calculate two sets of 5™ and 95™ percentile national-level estimates across both
pollutants. One set of estimates only uses the uncertainty in the concentration-response func-
tion (the mean VSL is always used when constructing this 5™ and 95™ percentile). The other
set of estimates uses uncertainty in both concentration-response function and VSL (S1 H and
S1I Texts, S7 and S8 Tables, S3 Fig).

Annual value of wood product production. 2012 roundwood production data (including
fuelwood, pulp, and sawlogs) were used at the county level [98]. Some of the roundwood pro-
duction data in the dataset are attributed to individual species. The remaining production data
are reported at the species group level in the dataset. We attributed species group outputin a
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county to individual species output in that county according to each species’ proportion of net
volume in the county’s total sawlog production from the 2007 to 2012 USFS FIA surveys. We
calculated the annual monetary value of a species’ roundwood production in a county by mul-
tiplying its annual roundwood production in cubic feet by the annualized net value of a cubic
foot of harvested roundwood. The annualized harvested roundwood net values assume that all
stands are managed as even-age rotation forests. The rotation period or harvest age for each
species in a state is given by the FIA. Additional assumptions used when calculating annualized
harvested roundwood values include using biomass growth functions parameterized with FIA
data [99-101], observed 1998-2014 mean stumpage prices continuing indefinitely (in 2010
USD; S4 Table), and stand establishment costs in 2010 USD [83]. We calculated the expected
annualized net value of wood roundwood production across all species and counties. We gen-
erated 5™ and 95™ percentile values of roundwood production at the species and county level
using 5™ and 95™ percentile biomass growth functions for each species in each county. In all
cases, we used a 5 percent per annum discount rate (S3 Table, S1 Text A).

Annual value of tree crop production. We calculated annualized net revenues for 21
fruit and nut tree species (S4 Table). We used information on the typical rotation length and
the typical number of years between establishment and the production of marketable fruits or
nuts to calculate the proportion of years the species produces fruits or nuts. Using state-level
data on fruit and nut farm-gate prices for the years 2010 to 2012, state-level data on yields per
acre for the years 2010 to 2012 (adjusted by the proportion of years the species produces fruits
or nuts), and county-level tree crop acreage data for the years 2010 to 2012 [86], we calculated
annual revenue in the years 2010, 2011, and 2012 at the species and county level. Then we used
enterprise budget sheets to calculate several estimates of annualized per acre production cost
for each species in each county. The expected annualized net revenue for a species in a county
across the 2010 to 2012 period is equal to the 2010 to 2012 average annual revenue from that
species in that county minus the mean county-level annualized production cost estimate for
that species (see S1B Text) and is calculated for all species across all counties. Low and high
estimates of annualized net revenue at the species and county level were also generated by
using species and county-specific low and high estimates of annualized production cost (54
Table and S1B Text).

Annual value of Christmas tree production. The number of Christmas trees sold and aver-
age price paid (2010 USD) in 2009 by species in each state were determined from USDA data
(data were not available for the years 2010 to 2012; see S1C Text) [102]. We then used the sales
and price data to estimate annual Christmas tree revenue by species and state. We used enterprise
budget sheets to produce several estimates of annualized production cost for each species in each
state. Finally, we allocated state and species-level annualized net return (in 2010 USD) from
Christmas trees production to the county level using 2010 county-level population [103].

We calculated the expected annualized net value of Christmas tree production across all species
and counties. In the mean value estimate we used the mean annualized production cost for each
species in each state. Because annualized production costs are uncertain we also generated a low
and high annualized net value of Christmas tree production for each species in each state with a
low and high estimate of annualized production cost for each species in each state (S1C Text).

Species and lineage similarity in service provisioning across regions and
states and dispersion of services across the tree of life
To understand the extent to which individual services are provisioned by similar or different

lineages in different geographic regions, we computed matrices of similarity for tree species
across USFS ecodivisions—which represent ecologically and climatically similar regions
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(Fig 4A and S2 Fig). For species we calculated similarity as 1-D, where D was a matrix of Bray-
Curtis dissimilarities to determine the relative proportion of similar species in any two sam-
ples. We also examined tree species in the context of their phylogenetic history. Each lineage—
or branch—in the tree of life evolved from a common ancestor accumulating novel genes and
characteristics over time reflecting the evolutionary diversification process. Consequently, spe-
cies are organized hierarchically nested within lineages of larger and larger size. For lineages,
we calculated matrices of phylogenetic similarity using the PhyloSor [20] method, which calcu-
lates the proportion of shared branch length on the tree of life between two samples. For each
service, we weighted each species by its service value in each ecodivision. Christmas tree ser-
vices were only calculated for states, because data were only available at the state level, not the
county level, resulting in insufficiently resolved spatial information to aggregate them at the
ecodivision level.

The dispersion of ecosystem services across the tree of life was analyzed by calculating the
standardized effect sizes of the mean phylogenetic distance (SES MPD), reported as the Net
Relatedness Index (NRI) (-1 x observed z value of MPD) and mean nearest taxon distance
(SES MNTD), reported as the Nearest Taxon Index (NTI) (-1 x observed z value of MNTD)
[104] with the "phylogeny pool’ null model—to draw species with equal probability from the
tree of life—using the picante package in R [105]. The approach allows inference of whether
services are more clustered or evenly spread across the phylogeny and whether close relatives
share more or less similar service values than expected by chance (S2 Table and S1] Text). The
phylogeny (S1 Data) was based on [14] and pruned to include the species in the study. Species
not in [14] were assigned to the appropriate genus based on APG IIT and IV.

Threats to US trees

Climate change. We assessed the threat posed by climate change by 2050 as the propor-
tion of the biomass of each species that is projected to be exposed to climatic conditions that
are outside of their current range geographic distribution. Rasters for North America’s current
and projected climate were obtained from the AdaptWest Project [106]. County level threat
for each climate variable was calculated as the sum of the biomass of species under threat
divided by the total biomass in that county (S1L Text).

We chose to separately quantify climatic envelopes using mean annual temperature, total
annual precipitation and aridity. Temperature and precipitation have been shown to directly
impact the growth, spatial distribution, and management of trees [107-109]. Annual mean
temperature and total precipitation are highly correlated with interannual measures (e.g. win-
ter precipitation, winter-summer temperature differential, etc.) of these variables so that as a
tree species moves out of its annual climatic envelope so too would the species experience
movement away from the associated interannual envelope.

To capture the interaction of temperature and precipitation we assess an index of aridity
obtained from the AdaptWest Project calculated as the maximum temperature of the warmest
month divided by the mean summer precipitation. Drought stress has been shown to nega-
tively impact the provision of forest services throughout the contiguous US [110]. Warmer
temperatures can amplify the stress incurred by drought conditions leading to reduced tree
growth and higher tree mortality particularly in the Western US [7,31].

For species that extend their ranges into Mexico where climatic conditions may be more
arid, Global Biodiversity Information Facility (GBIF) data for all of North America was used
to compute their climatic envelope instead of using the FIA data, ensuring that tolerances to
aridity were not underestimated. To reduce the effect of outliers, we used the 1% and 99%
quantiles of each climatic variable to define the envelope.
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Pests and pathogens. To quantify the threat from pests and pathogens for forest species,
we compiled the proportion of basal area of each species projected to be lost in each county
due to disease outbreaks, as estimated by the US Forest Service [81]. Data referenced by com-
mon names were converted to scientific names. We estimated the threat for each species by
taking the average projected proportional basal area loss in each county weighted by the pro-
portion of the total biomass of the species in each county. Threats at the county level were cal-
culated as the average predicted basal area loss of all species in the county weighted by the
proportion of the biomass of each species in the county (S1K Text).

To quantify the threat from pests and pathogens for tree crop species, we used data from
the USDA’s Animal and Plant Health Inspection Service [111]. This website identifies each
pest and pathogen that affects each fruit and nut tree species in each state. The fraction of each
fruit and nut tree species biomass threatened by each pest and pathogen across the contiguous
US is given by the amount of the species biomass in states threatened by the pest or pathogen
divided by the total species biomass. We also calculated the fraction of fruit and nut tree spe-
cies biomass threatened by one or more pest and pathogens across the contiguous US in simi-
lar fashion.

Forest fires. Forest fire threat was quantified as the projected change in the number of
large fires per week per county from the historical late 20th century climate forcing to the mid-
21st century forcing scenario as described [112]. We used the spatial raster from [112] to com-
pute the fire threat for each county by taking the mean of the pixels that fell within the county.
We then estimated the fire threat for each species as the average projected change in fire fre-
quency in the counties the species occurs in, weighed by the species biomass in that county.
Our species-level fire threat estimate is also in units of fires per week and negative values
denote a decrease in the threat of major fires whereas positive values indicate an increase in
the threat of major fires (see SIM Text).

Associations between ecosystem services and threats

To test for associations between the ecosystem services value of individual tree species and the
degree of threat each faces, we calculated Spearman rank-order correlations between services
and threats aggregated by species. Similarly, to test for spatial associations between the ecosys-
tem service value of forests or plantations within each county and the degree of threat facing
trees in that county, we calculated Spearman rank-order correlations between threats and ser-
vices aggregated at the county level.

Supporting information

S1 Fig. A-D) Species similarities (1-Bray-Curtis pairwise dissimilarities) between ecodivisions
in the tree species provisioning annual climate regulation value, (B) annual air quality regula-
tion value, (C) annual wood product net revenue, and (D) annual tree crop net revenue. E-H)
Lineage or "phylogenetic" similarities for the same ecosystem services using Phylosor [20] in
the picante package in R [105], which gives the pairwise fraction of shared branch-lengths on
the tree of life between two ecodivisions. For species and lineage similarities, green = high
similiarity in composition (0.66-1), yellow = intermediate similarity in composition (0.33-
0.66); orange = low similarity in composition (0-0.33).

(PDF)

S2 Fig. USDA Forest Service map showing the ecosystem divisions (ecodivisions) for the
contiguous U.S.
(PDF)
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S3 Fig. Annual county-level air quality regulation value per square mile (2010 USD)
between 2010 and 2012 and location of continental US urban areas (light blue).
(PDF)

S1 Table. A) The most valuable continental US tree species ranked according to 2010 to 2012
annual ecosystem service value production (USD 2010), showing the highest value species for
all services combined and individually for annual climate regulation value via carbon storage,
annual air quality regulation via health damages avoided due to air pollution removal (PM, s
and O3), and annual net revenue from wood products, tree crops, and Christmas tree produc-
tion. B) The top twenty tree species forecasted to encounter threats from known pests and
pathogens, multivariate climate change and increased fire exposure. The extent of threat to
each species is given as the % biomass threatened—by pests and pathogens or by climate
change forecasted by 2050 for mean annual temperature, total annual precipitation and aridity
—or as the % increase in the number of weeks each species is exposed to fire by 2050.

(PDF)

$2 Table. Dispersion of ecosystem services across the tree of life. High mean phylogenetic
distance (SES MPD; column “MPD obs Z”) and high mean nearest taxon distance (MNTD;
column “MNTD obs Z”) (weighted by dollar value) indicate that services are dispersed widely
across the tree of life (SES MPD) and that close relatives tend to have different ecosystem ser-
vice values (SES MNTD), respectively. Negative values indicate that the services tend to be
clustered within lineages (SES MPD) and that close relatives tend to provision services simi-
larly (SES MNTD). Observed MPD and MNTD values (mpd.obs and mntd.obs) are shown rel-
ative to the mean (MPD rand mean and MNTD rand mea) and standard deviation (MPD
rand SD and MNTD rand SD) of simulated values, based on 999 randomizations (runs) of spe-
cies across the phylogeny. Standardized effect sizes—SES MPD and SES MNTD—are shown
as z scores (MPD obs Z and MNTD obs Z); P values (MPD obs P and MNTD obs P) indicate
whether services or threats are significantly clustered or overdispersed compared to random
expectation. Significantly clustered ecosystem services are bolded. Significantly overdispersed
services are italicized.

(PDF)

S3 Table. Sources of stumpage prices used to calculate the annual net value of wood pro-
duction in the continental US.
(PDF)

$4 Table. Low and high estimated annualized A) orchard (tree crop) production costs (USD
2011 per acre) by state and B) Christmas tree production costs per tree species and state (USD
2010). Data sources are listed below each table.

(PDF)

S5 Table. Annual Mg of C sequestered by the biomass of an active orchard acre by tree
crop species. Data sources are shown.
(PDF)

S6 Table. Amount of carbon stored in a 5-year old stand of trees in species groups that are
often used as Christmas Trees.
(PDF)

$7 Table. Estimated mean and 5™ and 95" percentile annual value of avoided health dam-
ages across the continental US due to tree-based removal of PM, 5 and O3 between 2010
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and 2012 (Billions of 2010 USD).
(PDF)

S8 Table. Ordinary least squares estimate of a county’s annual air quality regulation value
per square mile regresses on the county’s standardized distance to nearest large urban area
(s) and the county’s standardized carbon storage as of 2010-2012 per square mile (as a
proxy for tree biomass abundance). Column (I) gives results of a model with standardized
distance to the nearest large urban area, column (II) gives results with standardized average
distance to nearest five large urban areas, column (III) gives results with standardized distance
to the nearest urban area (regardless of size), and column (IV) gives results with standardized
average distance to nearest five urban areas (regardless of size).

(PDF)

S1 Text. Further details of the methods and calculations are given in text sections A-N: A.
Annual net value of wood product production. B. Annual net value of tree crop (fruits and
nuts) production value. C. Annual net value of Christmas tree production. D. Annual value of
climate regulation via carbon storage in US forests. E. Annual value of climate regulation via
carbon storage in orchards. F. Annual value of climate regulation via carbon storage on Christ-
mas tree farms. G. Annualized Social Cost of Carbon. H. Annual value of air quality regulation
via avoided health damages from tree-based removal of air pollutants. I. Explaining annual air
quality regulation values across the US. J. Phylogenetic dispersion of ecosystem services. K.
Threats from tree pests and pathogens. L. Threats from climate change. M. Threats from
change in frequency of major fires. N. References

(PDF)

$1 Data. Phylogeny in newick format.
(TXT)
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CHARACTERISTICS OF BLACK BEAR DENS IN THE SOUTHERN

APPALACHIAN REGION

WILLIAM G. WATHEN, Department of Forestry, Wildlife, and Fisheries, The University of Tennessee, Knoxville, TN 37901-107 1
KENNETH G. JOHNSON, Department of Forestry, Wildlife, and Fisheries, The University of Tennessee, Knoxville, TN 37901-107 1
MICHAEL R. PELTON, Department of Forestry, Wildlife, and Fisheries, The University of Tennessee, Knoxville, TN 37901-1071

Abstract: Dens of radio-instrumented black bears (Ursus americanus) were examined in the southern Appalachian Mountains from 1973 to 1982. Most dens
were in tree cavities high above ground. Entrance height differed among tree species with high entrances in yellow poplars (Liriodendron tulipifera) and
low entrances in chestnut oak (Quercus prinus), red maple (4cer rubrumy), and yellow birch (Betula alleghaniensis). Den tree species differed with elevation,
macrotopography, and microtopography. Both tree dens and ground dens were characterized by high microtopographic position. Chestnut oaks and northern
red oaks (Q. rubra) comprised 10 of 15 tree dens in the exterior of the study area. Extensive use of these 2 species indicates the importance of incorporating
site provisions into timber management plans in the Southern Appalachian Region.

Int. Conf. Bear Res. and Manage. 6:119-127

Black bears exhibit considerable versatility in den
selection in various parts of their range. In regions
with harsh winters most dens are excavations beneath
standing trees, stumps, and fallen logs, or excavations
directly into the hillside (Erickson 1964, Beecham
1980, Tietje and Ruff 1980). Jonkel and Cowan
(1971) found most bears in Montana denned at the
base of hollow trees and Beecham (1980) found some
black bears in Idaho denned at the base of live trees.
Dens in rock crevices are important to black bears
in the southwestern United States (LeCount 1980,
Graber 1981, Novick et al. 1981), and Lindzey and
Meslow (1976) reported bears used stumps of fallen
trees in Washington.

In the southeastern United States, black bears ex-
tensively use tree cavities high above ground. Use of
tree dens has been reported in the mountainous re-
gions of the southeast (Pelton et al. 1980, Johnson
et al. 1981, Lentz and Marchinton 1983), and the
river bottoms of Arkansas (Smith 1985) and Loui-
siana (Taylor 1971). Hamilton and Marchinton
(1980) recorded a single instance of a black bear using
a tree den in the North Carolina coastal plain, al-
though they usually denned on the ground in a thick
“Carolina bay” vegetation type. Other occasional in-
stances of bears denning in trees have been reported
in Michigan (Switzenberg 1955), Washington (Lind-
zey and Meslow 1976), and Pennsylvania (G. Alt,
pers. commun. ).

The denning period of black bears in the Southern
Appalachian Region may extend from late November
to early May (Johnson and Pelton 1980, Eiler 1981,
Wathen 1983) and the birth of cubs occurs during
this time. Because of the time and energy spent den-
ning, during which bears do not eat, drink, urinate,
or defecate (Folk et al. 1972), adequate dens may be
important to survival and reproductive success. Tree

dens may be superior to ground dens in the Southern
Appalachian Region because they are relatively dry
and secluded (Eiler 1981, Johnson and Pelton 1981).
Johnson et al. (1978) reported that tree dens afforded
bears a 15.0% energy savings compared to ground

dens.
Little is known about the dynamics of cavity for-

mation or the longevity of tree dens. However, pre-
liminary tree age data collected by increment boring
indicate that den trees are very old (275-300 years;
Johnson and Pelton 1980). Current U.S. Dep. Agric.,
For. Serv. (USFS) timber rotations of 80-100 years
for hardwoods have raised concerns that den tree
resources may be reduced and adversely impact
southern Appalachian black bear populations.

Our objectives are to report on den tree species
and types of ground dens used by black bears in the
Southern Appalachian Region and to describe char-
acteristics of dens and their relevance to den selection.
The physical and site characteristics of chestnut oak
and northern red oak dens are presented and dis-
cussed relative to timber management practices in
this region because they are used extensively as tree
dens.

We gratefully acknowledge all those who assisted
in field data collection. R. Wathen assisted tremen-
dously in manuscript preparation. Financial support
was provided by Mclntire-Stennis Proj. No. 27,
Agric. Exp. Sta. and Dep. of For., Wildl., and Fish,
Univ. of Tenn., Knoxville, and the Tenn. Wildl. Re-
sour. Agency.

STUDY AREA

The study area included the Great Smoky Moun-
tains National Park (GSMNP) and adjacent Cher-
okee National Forest (CNF). The study concentrated
in the northwestern quadrant of the GSMNP and the
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Tellico Ranger District of the CNF, consisting of 994
km? and located between 35° 20’ 35° 47’ N latitude
and 83° 05" and 84° 20’ W longitude (Fig. 1).

The Great Smoky and Unicoi mountains occur in
the Unaka Range of the Blue Ridge Province of the
southern division of the Appalachian Highlands
(Fenneman 1938). The area is mountainous with
steep slopes. Much of the CNF is accessible by log-
ging roads whereas most of the GSMNP is accessible
only by foot trail.

Elevations range from 230 to 2,024 m and climate
varies with elevation. Average annual precipitation
ranges from 140 to 220 cm at lower and higher el-
evations, respectively. Average annual temperature
ranges from 14 C at elevations below 450 m to 8 C
at elevations above 1,900 m (Stephens 1969).

Rock formations are classified in the Ocoee Series
of the late Precambrian (King et al. 1968). Soils are
predominantly of the Ramsey association, and char-
acterized by low fertility, low water holding capacity,
and susceptibility to erosion (Anonymous 1945,
1953). Most of the area is unsuitable for agriculture.

The vegetation of GSMNP is diverse and classified
as topographic climax or secondary (Whittaker
1956). Six major forest types are recognized within
the GSMNP: cove hardwood, hemlock, northern

Fig. 1. The Southern Appalachian Region black bear den site study area.

hardwood, closed oak, open oak-pine, and spruce-fir
(Shanks 1954). Intensive logging was prevalent in
the GSMNP from the 1900s until park establishment
in 1934 (Lambert 1961). Approximately 39% of
GSMNP is virgin, and many cull trees remain (John-
son and Pelton 1981).

As part of the CNF, Tellico Ranger District is
managed for multiple use and sustained yield of tim-
ber, outdoor recreation, watershed, and wildlife re-
sources. Timber is managed on an even-aged rotation.
A 67 km? bear sanctuary, where no bear hunting is
allowed, has been established in a portion of the Tel-
lico Ranger District. Annual bear hunts are held in
December in other portions of the CNF. Bears in the
GSMNP are unexploited except for illegal hunting.

Four main sections are recognized in the study
area: 1) Sugarland / Elkmont area (Sugarland Moun-
tain), 2) Bote Mountain/Defeat Ridge/Tremont
area (Bote Mountain), 3) Parsons Branch Road/
Bunker Hill area (PNR), and 4) Tellico Ranger Dis-
trict of the Cherokee National Forest (CNF) (Fig.
1). The PBR and CNF sections were similar in hab-
itat and elevation and designated as the ‘“‘exterior”
of the study area. Sugarland Mountain and Bote
Mountain were designated as the “interior” of the
study area.
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METHODS AND MATERIALS

Black bears were captured with Aldrich spring-
activated foot snares or barrel traps, immobilized
with M-99 (etorphine hydrochloride) or phencycli-
dine hydrochloride. Radiotransmitters (Wildlife Ma-
terials, Inc., Carbondale, Ill. and Telonics, Inc., Mesa,
Ariz.) were attached to selected individuals (¥ =
66) for further monitoring. A 1st premolar was ex-
tracted to determine age by the cementum annuli
technique (Willey 1974).

Dens of radio-instrumented bears were located and
physical and site characteristics were measured dur-
ing the winter or after den emergence. Topography
was measured in 2 ways: microtopographic (micro)
position was measured as the percentage of eleva-
tional distance of the den from the nearest ridgetop
to the bottom of the nearest concavity; macrotopo-
graphic (macro) position was measured as the per-
centage distance of the den from the large ridge most
affecting the local topography to the nearest down-
slope stream (ridgetop = 0%, mid-slope = 50%,
cove bottom = 100% ) (Golden 1974:51). Other site
parameters recorded included elevation, slope steep-
ness and aspect, forest type, and understory density.
Den physical characteristics measured included en-
trance size, entrance aspect, diameter at breast height
(DBH) of tree dens, and height of entrance above
ground (tree dens). Cavity dimensions of some tree
dens were not obtained because the den was occupied
or the den presented physical constraints. Cavity di-
mensions of black bear dens in the GSMNP were
previously reported by Johnson and Pelton (1981).

Statistical analysis of parametric data was per-
formed using z-test and analysis of variance (AN-
OVA). Variables analyzed with ANOVA were
compared with the least-squares means (SAS 1982).
Analysis of categorical data was performed with the
G-test (Sokal and Rohlf 1969:561). The 0.05 prob-
ability level was accepted as significant, but all prob-
abilities are presented to clarify data interpretation
(Tacha et al. 1982).

RESULTS AND DISCUSSION

Ninety-five dens of 14 male and 52 female black
bears were examined from 1973 to 1982. A majority
(55.8%) of the dens were located in tree cavities high
above the ground (x = 11.9 m). Den tree species
included chestnut oak (N = 13), northern red oak
(N = 10), eastern hemlock (7suga canadensis) (N
= 6), yellow poplar (¥ = 5), yellow birch (N =
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5), black gum (Nyssa sylvatica) (N = 4), red maple
(N = 4), black cherry (Prunus serotina) (N = 1),
scarlet oak (Q. coccinea) (N = 1), yellow buckeye
(Aesculus octandra) (N = 1), and an American chest-
nut snag (Castanea dentata) (N = 1). Ground dens
included cavities under roots of wind-tilted trees (V
= 12), rock crevices (N = 10), tree stumps (N =
9), overblown logs (N = 4), ground nests (N = 4),
and at the base of live trees (N = 3).

Physical Characteristics of Dens

The DBH of tree dens averaged 100.7 cm (Table
1). The DBH of tree stump dens (x = 112.4 cm)
and den cavities at the base of live trees (x = 102.7
cm; Table 2) indicated that large trees were important
in the formation of ground dens as well as tree dens
(Johnson and Pelton 1981).

Entrances of ground dens (x = 0.316 m?> Table
2) and tree dens (x = 0.392 m?; Table 1) were similar.
However, several (N = 8) ground dens (primarily
ground nests and overblown logs) were without dis-
crete measurable entrances and were not included in
the analysis of entrance data. Therefore, the calcu-
lated mean entrance size of ground dens (0.316 m?*)
is underestimated. Cavities at the base of live trees,
root system cavities, and rock crevices generally had
small entrances into protected cavities. Cavities under
overblown logs and those associated with tree stumps
typically were less protective, and ground nests of-
fered little or no protection from climatic elements.

Eighteen of 35 tree dens had entrances at the top
of the main truck and 17 had lateral openings. No
species exhibited a disproportionate number of side
or top entrances. Entrances at the top ot the main
truck (x = 0.623 m?) were larger (P < 0.01) than
side entrances (x = 0.293 m?). Lentz and Marchinton
(1983) calculated that 11% of the heat retention of
a tree den could be accounted for by the position of
the entrance. Side entrances provided greater heat
retention than top entrances (Thorkelson and Max-
well 1974, Lentz and Marchinton 1983), possibly a
result of the size of the entrances, but also related to
the view factor (Thorkelson and Maxwell 1974, John-
son et al. 1978).

Lentz and Marchinton (1983) indicated that depth
of cavity below the entrance provided most (59%)
of the heat retention capabilities of tree dens. Al-
though this parameter was measured for only a por-
tion of our tree dens (N = 17, x = 2.2 m; Johnson
and Pelton 1981), the relative depths for the re-
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maining sample were visually estimated. Eight tree
dens had cavities extending to the base of the tree;
most (N = 7) of these were chestnut oaks. The av-
erage depth was 8.7 m, about 4 times the 2.2 m
average depth reported by Johnson and Pelton
(1981). Based on cavity depth, chestnut oak dens
probably offer some heat retention advantages over
other den trees. However, some of these advantages
may be negated by generally larger entrances (Table
1) and ground moisture associated with ground level
dens (Johnson and Pelton 1981).

The entrances to tree dens averaged 11.9 m (range
5.1-27.5) above ground, with significant differences
(P < 0.0001) among species (Table 1). High en-
trances occurred in yellow poplar (x = 21.3 m) and
yellow buckeye (x =19.8 m), and low entrances oc-
curred in chestnut oak (x = 9.4 m), red maple (x
= 9.2 m), and yellow birch (x = 8.7 m). Entrances
above the ground offer black bears seclusion and tree

Table 1. Mean physical and site characteristics of black bear tree dens in the S

dens may be especially important to females (Eiler
1981, Johnson and Pelton 1981). Bears in dens with
higher entrances were less likely than others to be
disturbed by researchers. In this study, females
denned higher (x = 12.4 m) in trees than males (x
= 9.5 m, P < 0.04). Several investigators have in-
dicated that female black bears are more selective of
den sites (Erickson 1964, Johnson and Pelton 1981,
Lentz et al. 1981), and the higher entrances to their
dens may reflect selection for more seclusion.

More den entrances had western than eastern as-
pects (G = 5.024, P < 0.03). Ground dens (G =
2.206, 0.10 < P < 0.50) did not reflect this rela-
tionship as well as tree dens (G = 2.750, 0.05 < P
< 0.10). The predominance of westerly openings to
tree cavities may reflect the effect of the prevailing
westerly winds on cavity formation. Most (92% ) tree
den cavities apparently resulted from wind breakage
of large limbs and ensuing natural decay.

" APP ey

Entrance height Entrance Microtopographic ~ Macrotopographic
Tree den DBH above ground size (m?) Elevation Slope position position
species N (cm) (m) (H[cm] by W[cm]) (m) (degrees) (%) (%)
Chestnut oak 13 91.5 9.4 0.566 771.4 30.2 239 23.9
(159.8 by 33.5)
Northern
red oak 10 994 133 0.372 982.1 30.9 29.2 440
(91.0 by 38.6)
Eastern
hemlock 6 121.1 11.1 0.407 1,241.4 28.5 42.5 50.0
(89.0 by 41.0)
Yellow
poplar 5 116.6 21.3 0.451 843.7 220 66.0 75.0
(105.0 by 43.5
Yellow
birch 5 993 8.7 0.247 1,289.9 35.0 55.0 53.6
(75.4 by 36.2)
Blackgum 4 952 14.7 0.146 962.4 273 313 54.5
(41.8 by 35.0)
Red maple 4 971 9.2 0.497 1,232.9 34.0 6.0 13.3
(118.0 by 44.8)
Black cherry 1 1235 — — 975.4 30.0 80.0 50.0
Scarlet oak 1 818 11.5 0.240 1,219.2 20.0 5.0 0.0
(80.0 by 30.0)
Yellow
buckeye 1 949 19.8 0.130 1,438.7 32.0 7.0 88.0
(48.0 by 27.0)
Chestnut
snag 1 1019 11.4 0.095 1,194.8 31.0 17.0 4.0
(28.0 by 34.0)
Mean for
all dens 100.7 12.1 0.402 1,006.7 29.9 339 41.5
(105.6 by 37.2)
F 1.60 4.35 0.88 4.94 1.05 2.05 2.71
P < 0.1406 0.0006 0.5528 0.0001  0.4210 0.0551 0.0132




In certain regions of black bear range, particulary
those with severe winters, den entrance aspect may
be important in den selection. Beecham (1980) found
that most dens in Idaho faced west, northwest, or
north, and believed that these exposures allowed
deeper snow accumulation and better insulation.
Tietje and Ruff (1980) found that most dens in Al-
berta faced north and west, but believed that den
entrance aspect was not a primary factor in site se-
lection. Other investigators have proposed that en-
trance aspect was minimally important in den
selection (Lindzey and Meslow 1976, Johnson and
Pelton 1981). Johnson and Pelton (1981) indicated
that protection from wind and precipitation was ad-
equate when the tree cavity was well below the en-
trance. Our study indicates that entrance aspect was
of little importance in den selection, but it likely
reflects den availability.

Site and Vegetative Characteristics of Dens

The average slope of all den sites was 31.3° with
ground dens (x = 33.3% Table 2) occurring on steeper
slopes (P < 0.04) than tree dens (x = 29.9% Table
1). The slope aspects on which dens occurred were
evenly distributed among northeast (N = 29), north-
west (N = 28), and southwest (N = 21) exposures,
with fewer (N = 10) on southeast slopes. This re-
lationship was consistent for both tree and ground
dens and likely reflects study area topography, with
the major ridge (Tenn.-N. Carol. border) running
northeast to southwest (Fig. 1).

The average elevation of all dens was 962.7 m. No
significant differences were noted between ground
and tree dens with respect to micro- (P < 0.60) or
macro- (P < 0.13) positions on slopes. However, the
micro-position of ground and tree dens was higher
than the macro-position. Most dens (84.1%) oc-
curred on the upper half (0-50%) of the micro-
position (G = 43.2, P < 0.0005). This significant
relationship existed for ground (G = 149, P <
0.0005) and tree dens (G = 27.0, P < 0.0005). Most
tree dens (62.7% ) were also on the upper half of the
macro-position, although the relationship was not sig-
nificant (G = 3.4, 0.05 < P < 0.10). Ground dens
were evenly distributed between the upper (N = 19)
and lower halves (N = 18).

Tree den species differed with elevation (P <
0.0001) and macro-position (P < 0.01; Table 1);
micro-position differences were nearly significant (P
< 0.06). Chestnut oak (x = 771.4 m) and yellow
poplar (x = 843.7 m) dens occurred at low elevations;
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red maple (x = 1,232.9 m), eastern hemlock (x =
1,214.4 m), and yellow birch (x = 1,289.9 m) dens
were at high elevations. Yellow poplar (x = 75.0%)
and yellow buckeye (x = 88.0% ) den macro-position
was low, whereas red maple (x = 13.3%) and chest-
nut oak (x = 23.9%) den macro-position was high.
The micro-position patterns of den tree species was
similar to macro-position; yellow poplar dens (x =
66.0%) occurred low, and red maple (x = 6.0%)
and chestnut oak (x = 23.8%) dens occurred high.

The relationship of site characteristics to den se-
lection by black bears is complex and likely related
to availability. For instance, ground dens were dis-
tributed over a wide range of elevational and topo-
graphical situations, although there was some
variation among ground den types with respect to
slope and elevation (Table 2). The predominance of
ground dens on the upper half of the micro-position
may reflect a tendency of bears to select ground dens
on drier and better-drained soils on upper slopes.
Also, the importance of large trees and wind damage
(Johnson and Pelton 1981) to cavities associated with
the root systems of wind-tilted trees probably in-
creases their availability higher on slopes.

Den tree species were more closely related to el-
evation, and micro- and macro-position than were
ground dens. Differences are largely related to spe-
cific growth requirements of the den tree species as-
sociated with elevation and soil characteristics
(micro- and macro-position). Furthermore, the high
micro-position of most den trees apparently reflected
the susceptibility and increased availability of these
trees to ice and wind damage and subsequent cavity
formation.

The density of understory vegetation was greater
(G = 14.3, P < 0.0005) around ground dens than
tree dens. Most ground dens (87.2%) had dense or
moderate understories, whereas most tree dens
(66.0%) were associated with moderate and light
understories. Five tree dens had no understory, but
no ground dens lacked understory. Predominant un-
derstory species associated with ground dens with
dense understories included rhododendron (RAodod-
endron maximum) (47.6%), wild grape (Vitis sp.)
and greenbriar (Smilax sp.) (38.1%), and mountain
laurel (Kalmia latifolia) (14.3%). Lentz and Mar-
chinton (1983) also found that rhododendron and
mountain laurel offered concealment and wind pro-
tection to dens in northeastern Georgia.

The relationship of understory density to ground
dens may be a function of past disturbances such as



BEARS—THEIR BIOLOGY AND MANAGEMENT

124

‘3[QRINSLAUIUI I9M SIOULIJUS IS0 ‘JUSWIAINSEIW | UO PIseq IZIS duenuy ,

6LES0 6L960 1990°0 €001°0 $STTO TE9L0 >d
£8°0 81°0 ¥E£'T €0C 1$°1 01°0 d
) (L'99 £q 1°LY)
SIS T0¢ €€ 8'€06 91€0 6601 suap [[e
ho.« UBIN
i (L'zy 49 Ley)
0s€ L'1g £6T S'T6L 081°0 L'T01 € 3911 9AT[ JO
aseq 18 A3ae)
§9 €12 €8¢ 7°608 — — 4 159U punoIn
) (0°6¢ 49 0°L7)
€L9 L9 (/)43 ¥'v6S «S01°0 — ¥ s30] umo[qIaaQ
) (8'0L 49 6°€S)
'y 9°LE 0'9¢ 6'LT6 78€°0 yTil 6 dwmys 221y,
) (628 49 5°c¥)
9IS 19T ¥¥e 9'S€0°T 79¢€°0 — 01 3014310 YO0y
(L'LS £q 8'SP)
$9¢ {3 (443 SYE6 LLTO — 4! waIsAs 100X YM
pajerdosse >:>MU
(%) (%) (s92133p) (ur) ([wolpm 4q [wolH) (wo) N adfy uaq
uonsod uonisod
owydesgdojosoepy oEn«._w%mSo‘_o_E adors uoneAdg Wﬁwhﬂ“ H4d

‘uo|Bay uejyorjeddy useyINos 8y} uj SUIP PuUNoLB seaq Kyoe|q JO SONISIIEIORIEYD IS pue |edjsAyd ueay 'z siqel



logging (tree stump cavities) or wind damage (ov-
erblown logs, root systems of wind-tilted trees) open-
ing the canopy and creating seral vegetation stages.
The dense understory typical around ground dens
likely conceals black bears (Johnson and Pelton
1981), but apparently was not as important to bears
in rock crevices or cavities at the base of live trees.
In these dens, small openings and enclosed cavities
probably provide adequate concealment and protec-
tion.

Ground dens occurred in a variety of vegetation
types including open oak-pine (27.5%), wild grape
and greenbiar (22.5%), other early successional
stages (12.5%), cove hardwood (12.5%), closed oak
(10.3%), northern hardwood (7.7%), eastern hem-
lock (5.1%), table mountain pine (Pinus pungens)
(2.6%), and a clear-cut area (2.6%). Tree dens oc-
curred in northern hardwood (26.4%), open oak
(22.6%), cove hardwood (18.9%), closed oak
(17.0%), eastern hemlock (11.3%), and early succes-
sional (3.8%) forest types. We did not find general
patterns associating certain types of ground dens with
specific vegetation types. However, most (78%) tree
stump cavities occurred in early successional (N =
2) or wild grape (N = 5) vegetation types. The
disturbance from earlier logging activities in these
areas probably resulted in the influx of these early
seral stages. Den tree species were largely restricted
to specific forest types, with yellow poplar and yellow
birch occurring exclusively in cove hardwood and
northern hardwood forest types, respectively.

The relationship of black bear dens to site and
vegetative characteristics is complex, especially in
areas of less severe winters. Lindzey and Meslow
(1976) found no evidence of slope aspect influencing
den selection in Washington, but noted that adults
selected dens in secure timbered areas, whereas year-
lings tended to den in open, less secure areas. Black
bears in southern California selected dens associated
with the Canyon Oak Series vegetation type which
offered thermal advantages (cooling) compared to
dens in less protected areas (Novick et al. 1981). In
Arizona, black bear dens were surrounded by dense
vegetation and occurred on north- or west-facing
slopes between 1,300 m and 1,500 m (LeCount 1980).
Black bears of North Carolina’s coastal plain denned
in Carolina bays surrounded by dense vegetation
(Hamilton and Marchinton 1980).

In the Southern Appalachian Region, black bears
appear to prefer tree dens over ground dens. Eiler
(1981) and Johnson and Pelton (1981) found a dis-
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proportionate use of tree dens, especially by female
bears, even in areas that had been subjected to clear-
cut logging operations (Tremont) or to even-age tim-
ber management (CNF). Apparently, site and veg-
etative characteristics had little influence on the
actual selection of a tree den, but was more related
to that tree’s specific site requirements. Although tree
dens offer better protection than ground dens, results
of this study indicated that selection of certain den
tree species was a function of availability rather than
superior protection afforded by specific tree den spe-
cies.

Area Differences

A wider variety of den types was used in the in-
terior (N = 15) of the study area than in the exterior
(¥ = 6, G = 3.126, 0.05 < P < 0.10), probably
because of elevational differences between the 2 areas.
Dens in the interior occurred from 518 m to 1,036
m (x = 770 m). The greatest number of den types
(N = 15) occurred between 915 m and 1,219 m
because of the increased availability of different den
tree species at higher elevations. All types of ground
dens were used at elevations below 762 m. Increased
diversity of interior den types was also a result of
increased habitat complexity.

The relative lack of den type diversity in the ex-
terior of the study area magnifies the importance of
chestnut oak and northern red oak as den tree species.
Chestnut oak and northern red oak comprised 4 of
8 tree dens in the PBR area and 6 of 7 tree dens in
the CNF. The availability and use of yellow poplar
(N = 3) and black cherry (N = 1) in the PBR are
probably related to the lack of logging activities. The
yellow poplar used as a den in the CNF area was in
a virgin timber stand in North Carolina. Therefore,
chestnut oak and northern red oak dens appear to
be extremely important in low elevation areas
undergoing timber management in the Southern Ap-
palachian Region.

Characteristics of Chestnut Oak and Northern
Red Oak Tree Dens

The DBH of chestnut oak dens (x = 91.5 cm) and
northern red oak dens (x = 99.4 cm) was similar (P
< 0.33) as were entrance sizes (x = 0.566 m?> and
0.351 m? respectively; P < 0.25). However, en-
trances to northern red oak dens (x = 13.3 m) were
significantly higher (P < 0.03) than chestnut oak
dens (x = 9.5 m). Nine of 13 entrances to chestnut
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oak dens had southeast or southwest aspects, whereas
most entrances to northern red oak dens had north-
west or southeast aspects. Northern red oak dens (x
= 982.1 m) occurred at higher elevations (P < 0.02)
than chestnut oak dens (x = 771.4 m). Both species
were used at elevations between 610 and 1,219 m,
but chestnut oak dens were apparently the only spe-
cies used below 610 m. Both chestnut oak and north-
ern red oak dens (x = 23.9% and 29.2%,
respectively ) had high micro-positions, but northern
red oak dens (x = 44.0% ) had lower macro-position
than chestnut oak dens (x = 23.9%). The micro-
and macro-position patterns demonstrated by these
2 species probably reflect the importance of wind
damage to cavity formation resulting on high micro-
position sites (Johnson and Pelton 1981), and general
soil and topography requirements of the respective
species. Chestnut oaks are typically found in dry,
sandy, and rocky soils characteristic of ridges of the
Southern Appalachian Region (Fowells 1965:574,
Harlow and Harrar 1969:308-309), whereas northern
red oaks grow on sandy loam soils from middle to
lower slopes (Fowells 1965:589, Harlow and Harrar
1969:315). Both chestnut oak (9 of 13) and northern
red oak (7 of 9) tree dens were predominantly on
northern aspects.

Most (9 of 10) northern red oak dens were found
in closed oak (N = 6) or northern hardwood (¥ =
3) forest types, whereas most (10 of 13) chestnut oak
dens occurred in open oak-pine. Predominant un-
derstory species associated with chestnut oak dens
included mountain laurel, rhododendron, hardwood
tree saplings, hemlock, blueberries (Vaccinium spp.),
and huckleberries (Gaylusaccia spp.) characteristic of
drier sites. Eight of 13 chestnut oak dens were as-
sociated with moderate understories. Northern red
oak dens occurred in understories classified as none
(N = 13), light (N = 3), or moderate (N = 4),
consisting primarily of hardwood saplings, rhodod-
endron, and wild grape—species characteristic of
more mesic sites.

CONCLUSIONS AND MANAGEMENT
RECOMMENDATIONS

Black bears prefer tree cavities above ground as
winter dens in the Southern Appalachian Region.
Chestnut oaks and northern red oaks are the primary
species used as den trees outside the GSMNP. The
availability of tree dens on national forests is largely
unknown, but projected increases in timber produc-

tion, use of cable logging, and conversion of “poor
” quality sites to white pine (Pinus strobus) will re-
duce available den trees on national forests in the
Southern Appalachian Region. Therefore, timber
management should be coordinated with den tree
requirements and based on short-term and long-term
management strategies.

Short-term management should assess the avail-
ability of den trees on USFS lands, and ensure pres-
ervation of individual den trees through careful
coordination with logging activities. Long-term con-
siderations should include initiating research to de-
termine site and vegetative characteristics useful in
quantitatively classifying and mapping areas with
high potential for den tree production. Areas with
high potential should be placed in old-growth man-
agement compartments or wilderness areas.
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ABSTRACT

Prior to Euro-American colonization beginning in the late 1700s and
subsequent periods of land conversion and intensive resource extraction, most
forest on the Cumberland Plateau in Kentucky would have existed in a state meeting
one or more of the definitions of old-growth forest in use today. However, many
recovering, mature forests currently exist that might be redeveloping old-growth
structure and function. To assess the development of old-growth forest
characteristics in second-growth forests, 70 - 90 year old (young) and 140 - 160
year old (old) hardwood forests in the Daniel Boone National Forest were examined
for a suite of structural characteristics to discern patterns of structural and
successional development. Old forest was distinguishable from young forest, having
reached thresholds similar to old-growth for presence of large canopy trees, coarse
woody debris volume and size distribution, multi-age distribution, age of oldest
trees, and complex canopy structure. Both ages of forest met thresholds for total
basal area and met some proposed thresholds for stem density. Neither age of forest
met suggested minimum densities for old-growth for snags > 30 cm DBH, though old
forest had almost three times that of young forest, and nearly approached values
reported for old-growth forest. Young and old forest also exhibited different
patterns in oak and maple dynamics. Understory maples and overstory oaks
recruited synchronously in young forest during the 1920s and 1930s, while

recruitment of both species in old forest was temporally more broadly distributed.
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1. INTRODUCTION

Prior to Euro-American colonization beginning in the late 1700s and
subsequent periods of land conversion and intensive resource extraction, the forests
of eastern Kentucky’s Cumberland Plateau were part of a nearly contiguous forest
covering much of the eastern United States. The Eastern Deciduous Forest,
sometimes called “The Great Forest,” was estimated to have covered as much as 380
million hectares (Leverett 1996; Bolgiano 1998), including an estimated 85 - 90%
of Kentucky’s total land area (Evans and Abernathy 2008). While those forests
would have fluctuated within a range of community associations, structural
relations, and successional states, most forest on the Cumberland Plateau would
have existed in a state meeting one or more of the definitions of old-growth forest in
use today.

Forest clearing for agricultural and industrial use in the Cumberland Plateau
from around the mid-1800s to 1930 left little forest untouched, and only a few
examples of relatively intact old-growth forests remain in Kentucky (Jones 2005).
However, many recovering, mature forests currently exist that might be
redeveloping old-growth structure and function. Many existing old-growth forests
are recognized as having initiated following major disturbance (Whitney 1994), and
models of forest structural development describe forests as proceeding from a
regenerating, even-aged distribution toward a multi-aged, old-growth architecture
given sufficient time (Oliver and Larson 1996; Frelich 2002). While the specifics
may vary by disturbance intensity, species composition, climate, and edaphic
conditions, the natural redevelopment of old-growth forest structure, composition,
and processes is expected (Frelich 2002).

The purpose of this investigation was to assess the development of old-
growth structural characteristics in some of the oldest second-growth hardwood

forests of eastern Kentucky.



1.1 DEFINING OLD-GROWTH FOREST

While the term “old-growth forest” itself may be in common use and
evocative of some archetypal visage, it is too general from a scientific or operational
perspective to be used without further clarification (Wirth et al. 2009). Generally,
most definitions or criteria for assigning or assessing a forest as old-growth can be
divided into structural, successional, or age-related considerations (Wirth et al.
2009; Cooper 2011). Frelich and Reich (2003) offer several ecological definitions for
old-growth forest that are useful in considerations for the Cumberland Plateau and

other regions.

Climax Old-Growth

The climax definition of old-growth forest references the final stage in
successional development of the community (Clements 1936; Braun 1950).
Hypothesized to be a steady state of community organization in the absence of
disturbance, the existence of a true climax community has come into question as the
integral relationship between climate change, disturbance, and community
structure has come to be better understood.

In terms of forest development, a climax old-growth forest is one that is
dominated by shade-tolerant, self-replacing species, and occurs in the absence of
significant disturbance that would otherwise allow for more influence by shade-
intolerant or mid-tolerant species (Frelich 2002). Understory and midstory species
are essentially the same as those in the canopy, such that turnover in the canopy
results in a continuity of species composition.

In the Appalachian region, species typifying climax old-growth are sugar
maple (Acer saccharum), American beech (Fagus grandifolia), eastern hemlock

(Tsuga canadensis), and black gum (Nyssa sylvatica) (Lorimer 1980).

Sub-Climax or Seral Old-Growth
Sub-climax or seral old-growth forests are those that are composed of shade-

intolerant or mid-tolerant species, such white oak (Quercus alba), tulip poplar
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(Liriodendron tulipifera), and mockernut hickory (Carya tomentosa), but otherwise
exhibit age and structural characteristics associated with old-growth (Frelich and
Reich 2003). Species composition in these forests is understood to be maintained by
periodic disturbance, without which the forest succeeds to shade-tolerant, climax-

associated species.

Primary Forest

Primary forests are those that have developed in the absence of significant
interference from humans through logging, agricultural clearing, or other major
manipulation. Structure in primary forests results from a continuous legacy of
natural disturbance, regeneration, and stand development (Frelich and Reich 2003).
The term virgin forest can be considered synonymous with primary forest.

Typically, forests initiating prior to settlement by Euro-Americans are
considered primary forests. However, the applicability of this definition can become
muddied when considering the role of anthropogenic fire prior to Euro-American
colonization or the loss of species like American chestnut (Castanea dentata) from a

human-introduced blight in forests otherwise undisturbed by modern humans.

Secondary Old-Growth

Forests that have been heavily logged or cleared at some time in the
past, and in particular since Euro-American settlement, but have redeveloped
structural or age characteristics similar to old-growth under one of the above
definitions are considered secondary old-growth (Frelich 1995; Frelich and Reich
2003). Many secondary forests in New England are considered secondary old-
growth on account of the amount of time of regrowth since initial disturbance
associated with European colonization of the region (Dunwiddie et al. 1996). The
question of whether old second-growth forests in the Cumberland Plateau region in
Kentucky can or should be considered secondary old-growth is unclear and the

purpose of this investigation.



1.2 STRUCTURAL CHARACTERISTICS

Structural characteristics of old-growth forests can vary widely depending on
forest type, disturbance regime, climate, edaphic conditions, and other variables.
For example, an old-growth boreal forest will have a substantially different
structure than an old-growth tropical forest, yet both may be validly considered old-
growth (Wirth et al. 2009). Still, a great deal of consistency has been found in the
structural characteristics associated with old-growth forests across the Eastern
Deciduous Forest and the Central Appalachians (Parker 1989; Martin 1992; Tyrrell
and Crow 1994), suggesting a certain unity in pattern and process across the
Eastern Deciduous Forest as a whole.

Accepting natural variation and differing ranges of values depending on
species composition, forest productivity, and other factors, this suite of
characteristics can be used to assess old-growth status or degree of “old-
growthness,” which describes the extent to which a forest exhibits the structural
and functional characteristics associated with old-growth forests (Bauhus et al.
2009). While the following characteristics are often indicative of old-growth, it is
important to note that the presence or absence of some characteristics does not
necessary mean that the forest is or is not de facto old-growth per any given
definition. Subsequent use of the term “old-growth forest” herein refers to that

which is found primarily in the Eastern Deciduous Forest region of North America.

Canopy Age

Canopy age is often used as a criterion for determining old-growth forest
status. In some cases, the age approach is somewhat arbitrary and can be based
more on socio-political rather than ecological considerations (Frelich and Reich
2003). In Kentucky, forest stands are generally considered old-growth if the
dominant canopy is older than the period of initial colonization by Euro-Americans
near the end of the 1700s. Martin (1992) suggested that to be considered old-
growth, the oldest trees in mixed mesophytic forest communities should be at least

200 years old based on the average life expectancy of canopy dominants, while
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Parker (1989) similarly suggests that old-growth structure in the central hardwood
region on the whole should develop by the time the canopy reaches 150- 200 years.
However, forests recovering from a stand-replacing event may need longer than the
above time frames to fully recover some old-growth characteristics, and in
particular may need much longer to develop a true multi-age canopy structure

(Oliver and Larson 1996; Frelich 2002).

Large Diameter Trees

While old trees aren’t necessarily large, nor large trees old (Pederson 2010),
old-growth forests tend to contain trees that are relatively large for given site and
species constraints. Martin (1992) reported at least seven trees per hectare >75 cm
DBH (diameter at breast height, 1.3 m) in the mixed mesophytic forests at Lilley
Cornett Woods in Letcher County, Kentucky. Large diameter trees may be larger and
more abundant in increasingly mesic, protected cove forests (e.g., coves of the Great
Smoky Mountains), while tree size is typically more restricted on xeric, drought-
prone, and exposed sites (Stahle and Chaney 1994). Much of the remaining old-
growth forest in the eastern U.S. is exemplified by these low-productivity sites, as
they were often ignored for timber or agricultural production (Stahle and Chaney
1994).

Large trees play an important role in the ecology of many forests, and can
have a major influence on a number of ecosystem processes, including competitive
relationships, nutrient dynamics, biomass allocation, and others (Lutz et al. 2012). It
is also notable that many of the structural and functional characteristics that
distinguish old-growth forests from younger forests, as discussed below, derive

from the presence of large trees (Runkle 1991).

Coarse Woody Debris

Coarse woody debris (CWD), also referred to as “coarse woody detritus” or
“coarse woody material,” is dead, downed woody material usually delineated as
being >10 cm diameter and >1 m in length. On occasion CWD is used to refer to both

down and standing dead wood (snags), though I treat the two separately here.
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Smaller diameter woody material is usually referred to as “fine” woody detritus,
material, or debris.

The presence of relatively high volumes of CWD, particularly in larger
diameter classes and later stages of decay, is likely one of the characteristics that
most distinguishes old-growth forests from second-growth forests (Parker 1989;
Martin 1992; Hale et al. 1999; Spetich et al. 1999; Harmon 2009). The larger
volumes of CWD observed in old-growth forests are typically the result of the
contributions of a few large-diameter trees to the total pool (Shifley et al. 1997).
However, distribution and total volume of CWD in a forest can fluctuate
considerably based on disturbance history, mortality, and climate (Brown and
Schroeder 1999; Harmon 2009), and often increases with forest productivity
(Spetich et al. 1999). While old-growth forests are generally assumed to have a
greater representation across decay classes than their younger counterparts
(Martin 1992; Goodburn and Lorimer 1998), this is not always the case (Shifley et
al. 1997; Haney and Lydic 1999).

Coarse woody debris in forests that have been subject to stand replacing
events without the removal of logs (e.g., tornados) show a marked spike in CWD
volume that decreases with time as decomposition proceeds, and eventually
plateaus when background inputs from mortality approximate decomposition
(Harmon 2009). Forests subject to logging, either as the primary disturbance or
through post-disturbance salvage logging, will similarly exhibit a spike in CWD from
logging slash and other residue. However, due to the absence of large decomposing
boles, decomposition of the smaller diameter slash will be more rapid and result in a
period of very low total CWD until trees grow large enough to provide significant
CWD inputs (Spetich et al. 1999).

Coarse woody debris is involved in many ecological processes, including
energy flow, nutrient cycling, soil and sediment transport, moisture retention, and
providing habitat for a wide array of species, including arthropods, birds, small
mammals, herptiles, fungi, and microorganisms (Harmon et al. 1986; Goodburn and

Lorimer 1999; McGee et al. 1999; Muller 2003).



The comparatively warmer upper surface, cooler underside, and relative
stability of internal moisture and temperature conditions provided by CWD allow
for a variety of herpetofauna to utilize CWD for a number of important life history
activities, including thermoregulation (both warm and cold-season), avoidance of
desiccation, predator avoidance, and successful egg laying and hatching (Whiles and
Grubaugh 1993).

At least 55 mammal species use downed logs in the southeastern U.S., and
CWD may be critical habitat for some small mammals including shrews (Loeb 1993).
Logs are used as travel corridors and provide cover for predator avoidance, and, by
providing habitat for macroinvertebrates and fungi, are important for feeding and
foraging. Several mammal species also use CWD for nesting and denning, including
striped skunks (Mephitis mephitis), gray fox (Urocyon cinereoargenteus), weasels
(Mustela spp.), black bears (Ursus americanus), and a variety of mice (Mus spp.) and
shrews (Soricidae) (Harmon et al. 1986; Wathen et al. 1986; Loeb 1993).

Few birds use downed CWD, with the notable exception of ruffed grouse use
of logs for “drumming” (Gullion 1967; Harmon 1986). CWD is also important habitat
for a wide array of micro- and macroinvertebrates and fungi that both provide food
for a number of taxa and play vital roles in forest nutrient and energy cycling

(Harmon et al. 1986; Hanula 1992; Johnston and Crossley 1993).

Large-Diameter Snags

Large-diameter snags (standing dead trees) are frequently missing from
young and maturing second-growth forests, but are often typical of old-growth
forests (Goodburn and Lorimer 1999; McGee et al. 1999), excepting for low
productivity forests where tree diameter may be truncated by edaphic or other
conditions. Some studies have found larger frequencies of small-diameter snags in
younger forests, most likely related to density-dependent mortality from
competition during stem exclusion and demographic transition phases stand
development (McComb and Muller 1983; Goodburn and Lorimer 1999; Frelich
2002). The total density or volume of snags can be similar in old-growth and

second-growth forests, but this is often due to either residual trees remaining from
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past partial harvests or the cumulative basal area of smaller snags in the younger

forests (McComb and Muller 1983; Goodburn and Lorimer 1999; Hale et al. 1999).

Cavity Trees

Related to snags are cavity trees. While snags are more likely to have
cavities than live trees, the latter typically provide more cavities in a forest because
live trees are much more frequent (Goodburn and Lorimer 1999; Fan et al. 2003).
Cavity formation often occurs through a succession of dead wood utilization by a
variety of taxa. Heart rotting fungi create conditions that facilitate wood-eating
insects and other fungi, which further provide food for a range of vertebrates. As the
wood softens, primary cavity species, usually cavity nesting birds, excavate an initial
cavity for use, while secondary cavity species, including birds, bats, squirrels, bees,
chipmunks, raccoons, and other taxa, use or enlarge existing cavities (Harmon et al.
1986; Gysel 1961).

Old-growth forests tend to have more cavity trees, and substantially more
cavities in trees of larger size classes, than younger forests (Fan et al. 2003; 2005).
Large tree cavities are important as the initial diameter of the tree and cavity can be
a limiting factor for some cavity nesting birds and other taxa. The greater number
and range of sizes of cavities may be why old-growth forests, in general, have a
greater number of cavity nesting birds than their younger counterparts (Harmon et
al. 1986; Haney and Lydic 1999). Large diameter cavities around 100 cm DBH and
greater, which are typically absent in younger forests, have been found to be
preferred den sites for black bears (Ursus americanus) in the Southern
Appalachians, suggesting the importance of old forests for this species (Wathen et

al. 1986, White et al. 2001).

Uneven Age Distribution

Trees in old-growth forests often follow a multi-age distribution, with
recruitment either continuous or occurring through multiple recruitment events, or
both, depending on the spatial scale under consideration. An uneven-aged

distribution results when stand development proceeds in the absence of major
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disturbance, with tree mortality occurring individually or in small groups (Oliver

and Larson 1996; Frelich 2002).

Trees in Multiple Size Classes and the “Reverse-]” Diameter Distribution
Diameter distributions in old-growth forests typically follow a “reverse-],”
roughly inverse exponential distribution, where a large frequency of small diameter
trees tapers off to an increasingly lower frequency of large diameter trees, and plot
on a log scale as a straight line (Frelich 2002; Gove et al. 2008). Some old-growth
forest and other uneven-aged forests have been found to exhibit a “rotated sigmoid”
distribution, where the diameter distribution has a hump or plateau in the mid-
diameter range (Gove et al. 2008). It has been suggested that this distribution
reflects past intermediate-scale disturbance in the stand (Lorimer and Frelich 1984;
Leak 1996). While many old-growth forests follow the reverse-] distribution, some
even-aged second-growth forests have been found to similarly follow this pattern

(Goodburn and Lorimer 1999).

Multi-layered Canopy

Generally speaking, canopy stratification describes the relative vertical
distribution or layering of trees within the forest canopy (Parker and Brown 2000).
The vertical and horizontal structure of the canopy, together, are important
determinants in growing space availability and light penetration through the canopy
(Jennings et al. 1999). Old-growth forest and other uneven-aged forests tend to have
greater stratification of their canopies contributing to their greater structural

diversity over younger even-aged forests (Frelich 2002).

Large Overstory Basal Area

The basal area (BA) of a stand is the sum of cross-sectional areas of all trees
at 1.3 m, or breast-height, over a given area and expressed in m?/ha (or ft2/ac in
American forestry). Basal area tends to increase with stand maturity and inversely
with stand density, and can vary considerably by forest type with drier or more

disturbance-prone forests having lower basal areas than more productive and
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sheltered forests. Martin (1992) provided a lower threshold for old-growth forests
of 25 m2/ha based on values from Lilley Cornett Woods, where BA values ranged
from 20.6 to 42.4 m2/ha across all communities. However, total forest BA for
mature, and even young, second-growth forests sometimes falls within this same

range (Goebel and Hix 1996; Hale et al. 1999).

Overstory Density

Stem density tends to decrease with age as a function of stand development
as basal area is redistributed to increasingly larger diameter trees. Martin (1992)
proposed 250 stems/ha > 10 cm DBH as a threshold for old-growth forests based on
values ranging from 160 to 315 stems/ha at Lilly Cornett Woods. Parker (1989)
found similar values for old-growth throughout the eastern hardwood region
ranging from 161 to 427 stems/ha. However, Hart et. al (2012a) found 620 stems >
10 cm DBH/ha in an oak-pine upland forest at Savage Gulf, an old-growth forest on
the Cumberland Plateau in Tennessee, and unpublished data from a 2010 inventory
of Lilley Cornett Woods found a density of 536 trees > 10 cm DBH/ha (McEwan and
Richter 2010), calling into question the usefulness of this metric for assessing old-

growth condition.

Herbaceous Diversity

Herbaceous diversity may be greater in old-growth forests (Martin 1992),
with incomplete recovery in second-growth stands over the historical period (Duffy
and Meier 1992). Several factors may contribute to diminished herbaceous diversity
following logging, including many species’ short dormancy and consequent lack of
persistence in the seed bank, limitations on dispersal (with forest herbs often
clonal, gravity-dispersed, or ant-dispersed), inability to compete with r-selected
plant species, and changes in microhabitat, among others (Meier et al. 1995;
Whigham 2004). However, for considerations of herbaceous diversity in
comparisons of forests, differences in community type need to be taken into
consideration and not be confounded with differences related to stand age

(Harrelson and Matlack 2006).
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Pit and Mound Topography

When a large tree falls, its root mass is usually pulled from the soil and lifted
perpendicular to the ground along with humus, mineral soil, and rock fragments
(Schaetzel et al. 1989). The resulting formation is referred to as a “tip-up mound” or,
at a larger scale, “pit and mound topography,” and can be an indicator of old-growth
forests. The process occurs relative to disturbance frequency, with pits and mounds
often evident for centuries after formation (Peterson and Campbell 1993). Tip-up
mounds can be missing from second-growth forests due to removal as part of
agricultural use prior to abandonment (Whitney 1994). They may also be infrequent
as a result of logging alone, where trees large enough to leave substantial tip-up
mounds have been missing from the forest during stand development and recovery,
creating a lapse in formation. However, there can be a great deal of variability
depending on site-specific conditions and history.

Tip-up mounds are important because they create varying moisture,
temperature, and nutrient conditions, including the exposure of bare mineral soil,
that can affect species richness and distribution by allowing for a diversity of
microsites for seedling germination (Schaetzel et al. 1989; Peterson and Campbell
1993; Clinton and Baker 2000). When considered as an ongoing process over the
course of millennia, tree uprooting may have important consequences for soil

structure, the mixing of soil horizons, and soil carbon and nutrient dynamics.

Canopy Gaps

Gaps in the canopy created by mortality or blow-down of individuals or small
groups of trees is a characteristic strongly associated with old-growth forests
(Runkle 1985; Martin 1992). The pattern of gaps reflects a history of small-scale
disturbance and relates to the development of uneven-aged canopy distributions,
canopy layering, coarse woody debris, and other structural elements (Runkle 1985;
Frelich 2002). Canopy gaps and gap dynamics are discussed more thoroughly later

in this document.
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1.3 REGION 8 GUIDANCE ON OLD-GROWTH

The U.S. Forest Service published in 1997 its Guidance for Conserving and
Restoring Old-Growth Forest Communities on National Forests in the Southern Region:
Report of the Region 8 Old-Growth Team (hereafter referred to as the “Region 8
Guidance”) (USDA FS 1997). The purpose of the document was to aid national
forests in the southern region (Region 8) in “developing a network of old-growth
areas of varying sizes to provide for the distribution, linkages, and representation of
all old-growth forest community types on national forest lands.” The authors also
recognized the importance of recovering old-growth, stating “Since very little old
growth currently exists, managers will emphasize areas for developing or restoring
old growth.”

The Region 8 Guidance provides operational definitions for old-growth
forests based primarily on broad structural and age considerations across a variety
of forest types in the southeastern U.S. While some of the definitions provided are
arguable and should not replace more detailed ecological considerations, the
Guidance is nevertheless important in that it helps to guide old-growth delineation
and management on fourteen southeastern national forests, including the Daniel
Boone National Forest which incorporated this guidance into the 2004 Forest Plan
(USDA FS 2004).

The two communities described that are most pertinent to this research are
the Mixed Mesophytic (Type 5) and Dry-Mesic Oak (Type 21), though the latter

better describes most of the study sites. The four operational criteria are as follows:

1) Minimum Age of Oldest Age Class: The Guidance suggests at least 74
trees/ha (30 trees/ac) in the oldest age class, but recognizes a need for
flexibility in applying this criterion. Minimum ages provided are 140

years for mixed mesophytic and 130 years for dry-mesic oak.

2) Disturbance Criteria: The disturbance criteria in the Region 8 Guidance

are flexible. Rather than setting a ‘virgin’ condition for validating old-
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3)

4)

growth, the guidance states “for a stand to be considered as existing old
growth, no obvious evidence of past human disturbance which conflicts
with the old-growth characteristics of the area should be present.” The
definition explicitly allows for management activities to have taken place,
including limited tree cutting, midstory treatments, and prescribed fire,

as long as they don’t interfere with overall old-growth characteristics.

Minimum Basal Area: The minimum basal area set for both old-growth
mixed mesophytic and dry-mesic oak communities is about 10 m2/ha (40
ft2/ac). This value is much lower than that found in the literature for
these forest types, and is explained by stating that the value “is a
conservative estimate to ensure that stands are not excluded due to the

variety of ecological conditions which exist.”

Diameter at Breast Height (DBH) of the Largest Trees: This criterion
recommends that there be at least 6 to 10 trees > 76.2 cm (30 in) DBH for
mixed mesophytic communities or > 50.8 cm (20 in) DBH for dry-mesic

oak forests.

1.4 STAND DEVELOPMENT

Stand development describes the procession of structural arrangements in a

forest following major disturbance, and is a distinct, though related process, from
forest succession — the latter describing the changes in species composition based
on relative light conditions. Stand development occurs through the interplay of
species’ life history traits, inter-tree competition, and small-scale natural

disturbance.

A series of four stages of stand development was initially described by Oliver

(1981) and Oliver and Larson (1996) and modified by Frelich (2002)(Figure 1).1

use the latter sequence here. Both models assume beginning with a stand-replacing
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Stand Stem ‘ Demographic ‘ Old
initiation exclusion transition multi aged

Figure 1: Sequence of structural phases in stand development.

Source: Frelich, L.E. 2002. Forest Dynamics and Disturbance Regimes: Studies from
Temperate Evergreen-Deciduous Forests. Cambridge University Press,

Cambridge.

event, though regeneration within forest gaps of sufficient size should still follow
this same pattern of development (Frelich 2002). However, it has also been noted
that intermediate levels of disturbance can result in more varied trajectories of
structural development and succession than that described by the standard, cohort-

driven model (Hanson and Lorimer 2007).

Stage 1. Stand Initiation: Stand initiation follows a major, stand-replacing
disturbance such as a tornado or clearcut. Most or all canopy trees are
leveled or removed, with advance regeneration, root sprouts, and seed

sprouting leading to the development of a new cohort of trees.

Stage 2. Stem Exclusion: During this second stage, the young trees form a
dense, codominant canopy with a unimodal diameter distribution. Inter-tree,
density-dependent competition drives self-thinning in the stand, while

remaining trees rapidly fill in gaps through lateral growth. Tree density
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decreases while tree diameters, stand basal area, and crown height increase.

Light exclusion inhibits growth of seedlings and saplings.

Stage 3. Demographic Transition: As canopy trees become larger and
taller, large and small gaps form in the canopy, allowing sufficient light
conditions in the understory for a new cohort of trees to grow. The unimodal
peak evident during stem exclusion has transitioned into larger sizes classes
with a lower density, while a new peak in the smaller diameter classes
emerges. This particular diameter distribution has been called a ‘compound
diameter distribution.” During demographic transition, tree mortality is
driven mainly by density-independent phenomena, including small scale
natural disturbance. Large coarse woody debris and an increasingly uneven
canopy begin to accrue. This stage was considered the ‘understory

reinitiation phase’ by Oliver and Larson (1996).

Stage 4. Old Multi-Aged: In the old multi-aged forest, the forest stand has
transitioned into an uneven-aged distribution with varying sizes of trees in
the canopy. The formerly uniform, codominant canopy has given way to a
mix of dominant and codominant canopy trees, with few trees from the initial
cohort still present. The diameter distribution follows a “reverse-J”
distribution, with numerous trees in the small diameter classes dropping off
sharply then trailing off into the largest diameter classes. Tree mortality
occurs primarily through individuals or small gaps, with self-thinning
occurring in small patches that have undergone stand initiation within larger
gaps. The “old multi-aged” stage of development was previously described as
the “old-growth stage” by Oliver (Oliver 1981, Oliver and Larson 1996),
though modified by Frelich to avoid complications arising from the myriad

uses of the term.
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1.5 NATURAL DISTURBANCE

Natural disturbance is a major driver of forest structure. Exogenous natural
disturbance describes forces coming from outside the community as the agents of
change, and include disturbance events such as wind, fire, and ice (Picket and White,
1985). Endogenous disturbance, alternatively, arises from within the community
and is typically relegated to factors such as competition or decline from disease or
other factors. While the distinction can be useful, the differences between the two
can be fine and has been called into question (Runkle 1985).

Natural disturbance occurs on a continuum with a generally inverse
relationship between event severity and return interval (Seymore et al. 2002), with
stand-replacing events relatively uncommon in the central Appalachians. Overall,
canopy turnover in the Eastern Deciduous Forest is estimated to occur at a rate of
0.5% to 2.0% per year, with most of this turnover in the form small to mid-sized

gaps in the canopy (Runkle 1985).

Wind

Wind events, including tornados, derechos, and storm microbursts often
provide the most dramatic changes in forest structure. Hurricanes, while able to
cause large-scale canopy disturbance in some eastern oak and hardwood forests, are
not an important disturbance regime in the Allegheny and Cumberland Plateau
regions (Lorimer and White 2003).

Seymore et al. (2002) aggregated information on natural disturbance in
forests of the northeastern United States and estimated that stand-replacing wind
events affected patches with a mean size of 14 ha to 93 ha with a return interval of
855 to 14,300 years. Low to moderate severity disturbance resulting in canopy gaps
affected patches with mean size ranging from 24 m2 - 126 m?, and occurred with
return intervals ranging from 50 - 200 years (Seymore et al. 2002). The former
value is consistent with the range in regional values summarized by Whitney
(1994), while the latter aligns well with rates of gap formation reported by Runkle
(1985).
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While severe wind events, such as tornadoes and derechos, can remove most
or all of a forest canopy, particularly over small or narrow areas (Peterson and
Pickett 1995), this is frequently not the case (Held et al. 1998; Marks et al. 1999;
Arevalo et al. 2000; Lorimer and White 2003; Held et al. 2006). The impact of
tornados is further moderated by a relatively low frequency of occurrence, with a
mean point reoccurrence in the Appalachian Plateau estimated from 5,000 to
20,000 years (Whitney 1994). Between 1961 and 1990, Kentucky had an average of
10-13 tornados/year, with frequency decreasing from west to east, and becoming
increasingly uncommon in the Appalachian mountain region (NOAA 2012a &
2012b; Runkle 1985). Derechos can have significant landscape effects, with
individual downbursts ranging from 4 km to 40 km in length over a front of at least
400 km (Coniglio and Stensrud 2004). However, severe derecho events are
infrequent, and the canopy impacts are often patchy (Lorimer and White 2003).
More frequent, intermediate severity natural disturbance events can potentially
increase overall heterogeneity of stand structural and species composition (Hanson

and Lorimer 2007).

Gap Dynamics

Most canopy disturbance in forests of the eastern deciduous forest region
occurs through the death of individual or small groups of trees from disturbance,
disease, or other factors. These small, within-community patches of disturbance are
termed “gaps” (Watt 1947; Runkle 1985). The size of the gap can have a profound
effect on the environmental conditions within the gap and, consequently, future
forest structure. Within a forest gap, both light and soil moisture increase while
humidity decreases. Increased light conditions reach a maximum where the gap
diameter (D) equals or exceeds approximately twice the height (H) of the
surrounding canopy, or where D/H = 2 (Runkle 1985). Gaps of sufficient size can
support regeneration of shade intolerant or mid-tolerant species, while smaller gaps
will limit regeneration to more shade tolerant species (Runkle 1982).

Small gaps close rapidly through lateral growth of edge trees and effectively

return the forest patch to a closed canopy condition in a few years. Gaps of sufficient
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size, however, close more slowly through vertical growth of released understory
trees or development of a new cohort from advance regeneration or seed bank.
Further, Runkle (1998) found increased rates of mortality among edge trees in
larger gaps, leading to further enlargement of the gap environment and longer
persistence.

Prior to the formation of a new canopy within a gap, the gap environment
plays an important role as early seral habitat within an otherwise closed-canopy
forest. These conditions allow for the growth and fruiting of important forage for
black bears (Ursus americanus), such as blackberries (Rubus spp.), blueberries
(Vaccinium spp.), huckleberries (Gaylusaccia spp.), and grapes (Vitis spp.) (Mitchell
and Powell 2003), as well as habitat for many disturbance-dependent bird species
(Hunter et al. 2001).

Large trees confer characteristics relating to gap formation that can be
missing from younger forests (Runkle 1991). Large, dominant trees, for example,
have their crowns exposed above the general canopy and are more susceptible to
wind disturbance. And large tree-fall gaps are more likely to occur as the result of a
large tree falling than a small one (Runkle 1991). In addition to the greater canopy
area typically occupied by larger trees, the combination of height and mass make it
more likely that the falling tree will knock down several others in its path. As a
result, the presence of larger trees can lead to a greater amount of early seral habitat
within the forested landscape (Hunter et al. 2001). Overall, the structural legacy of
gap dynamics is the creation or maintenance of a complex forest architecture, with
multiple age groups, canopy classes, and seral states coexisting within the forest

matrix.

Ice

Ice storms are a periodic disturbance of intermediate severity in forests of
the Cumberland Plateau. Glazing of ice on limbs can lead to limb breakage, stem
snapping, and uprooting of trees (Lafon 2006). Ice damage can have a differential
effect across species, thereby affecting species distributions in forests. Oak species,

including Quercus alba, Q. montana, and Q. rubra, along with many Pinus species
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(except P. strobus) are generally more resistant to ice damage than Acer species,
which are, in turn, more resistant than basswood (Tilia americana), elm (Ulumus
americana), black cherry (Prunus serotina), and other light-wooded trees.
Depending on the severity of the event, ice storms can cause significant
mortality and changes to stand structure. Lafon (2006) reported for a Quercus forest
in southwestern Virginia that roughly 30% of all canopy trees had died within 4
years of an ice storm, leading to changes in overall forest structure and patterns of

recruitment.

Large Herbivores

Large herbivores can have significant short and long-term impacts on
temperate forest ecosystem structure, composition, and productivity (Kowalczyk et
al. 2011; White 2012), with vegetation responses varying based on the species of
herbivores present, forage preferences and availability, population size and
distribution, temporal variation of herbivore populations, and other factors (Kuijper
et al. 2010). Herbivores drive changes in forest structure and composition by
decreasing seedling and sapling densities, with particular reductions in preferred
forage species (Kowalczyk et al. 2011; White 2012), which can, in-turn, drive long-
term changes in species composition and canopy structure (Didion et al. 2009).

The paleohistory of Kentucky is intricately linked to large herbivores that
likely had a substantial impact on the structure and function of forests and other
native communities. Pleistocene-aged fossils from a wide variety of megafauna have
been identified at Big Bone Lick in north-central Kentucky, including mastodon
(Mammut americanum), mammoth (Mammuthus spp.), bison (Bison antiquus),
caribou (Rangifer tarnadus), helmeted musk ox (Bootherium bombifrons), stag
moose, (Cervalces scotti), complex-tooth horse (Equus complicatus), Harlan’s ground
sloth (Paramylodon harlani), and Jefferson’s ground sloth (Megalonyx jeffersonir)
(Tankersley et al. 2009). However, a mass extinction at the end of the Pleistocene,
possibly associated with the Younger Dryas cooling event, saw these species

disappear from the landscape (Firestone et al. 2007).
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Still, several large, native herbivores have been significant in Kentucky’s
ecology for most of the Holocene, including white-tailed deer (Odocoileus
virginianus), modern bison (Bison bison), and elk (Cervus canadensis). The latter two
were effectively extirpated in Kentucky by the modern era (Tankersley et al. 2009),
though recently Rocky Mountain elk (Cervus elaphus) have been introduced.
Livestock grazing, particularly cattle and hogs, can also have significant impacts on
forest structure, though the effects of livestock may be somewhat different from
those of native herbivores as a result of differences in forage preferences, animal

density, and enclosure (Apsley et al. 1984).

Drought

While not regularly considered a form of natural disturbance, episodic,
severe drought may be an important disturbance regime affecting forest structure
and species composition (Hursh and Haasis 1931). Haasis (1923) studied tree rings
from stumps of logged old-growth forests in Letcher County, Kentucky, and found
that 82 percent of the trees observed initiated at about the same time following
1660. Hassis (1923) noted that records for an adjacent region document a major
drought in 1662, and that trees in the study area that predated this period exhibited
a marked decrease in growth rates prior to a release event coinciding with the
period of drought and regeneration. More recent dendrochronological analyses
suggest that major drought events more severe than those typifying the twentieth
century were more common in previous centuries (McEwan et al. 2010; Pederson et

al. 2012).

1.6 ANTHROPOGENIC DISTURBANCE

Anthropogenic disturbance to forest ecosystems in Kentucky and the Central
Appalachians has been occurring for at least 11,000 years (Pollock 2008). While the
direct effects of human habitation and use for much of the Holocene may have been

localized, the cumulative effects of anthropogenic fire, horticulture, and hunting
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over millennia likely had major ramifications on forest and other community
structure and function at the landscape scale. However, in the modern era, human

activities have radically altered the forest landscape (Abernathy et al. 2010).

Fire

Fire is a recurring source of disturbance that can affect forest structure
(Abrams 1992). On the Cumberland Plateau, lightning-caused fires are estimated to
occur at a rate of less than five per one million acres annually (Ison 2000). As such,
the existence and effects of fire on the landscape, in both the historic and prehistoric
periods, should be considered anthropogenic forms of disturbance (Lynch and Hessl
2010). While the frequency and extent of fire is related to human population and
cultural practices (Guyette et al. 2002), its prevalence and extent generally increase
during dry years (Lynch and Hessl 2010). While several hardwood species, and oaks
in particular, are somewhat resistant to fire damage (McEwan et al. 2007), fire can
result in mortality or decreased vigor in individual trees as a result of heat damage
to the cambium (Jones et al. 2006). The extent of mortality at the stand level is
largely dependent on the severity of the fire, which is in turn affected by vegetation
type, topography, and other factors (Wimberly and Reilly 2007), and can range from
just a small percentage of trees in low-severity fires to a majority of trees in high-
severity fires (Regelbrugge and Smith 1994). Because burn severity is often patchy
at large and small scales, the resulting legacy tends toward a mosaic of vegetation
patterns (Ford et al. 1999). Repeated fires of sufficient intensity and frequency can
result in significant impacts to forest structure and herbaceous community
composition (Peterson and Reich 2001).

Fire is hypothesized to be an important driver of species dynamics in eastern
forests — particularly as relates to the issue of oak dominance (Abrams 1992;
McEwan et al. 2007). Throughout oak-dominated forests of the eastern U.S. there
has been an observed pattern of poor oak establishment or success in the
understory, countered by a concomitant, and marked, increase in maple abundance
(particularly red maple, Acer rubrum)(Lorimer 1984). The “fire and oak hypothesis”

suggests that this apparent shift in species dominance is a direct result of fire
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suppression beginning ca. 1930 (Abrams 1992). While there is some evidence
supporting this hypothesis, a review of the literature suggests that the observed
oak-maple dynamics may reflect a more complicated suite of ecological drivers,
including changes in herbivore populations, loss of the American chestnut (Castanea
dentata), climate patterns, and other factors (McEwan et al. 2010).

Fire is also believed to have been important in maintaining open oak
woodland or savannah communities in Kentucky (Ison 2000). Such communities
would have been characterized by greater spacing between trees, little or absent
midstory and understory, and a greater abundance of grasses and other sun-loving,
heliophytic forbs than is common in closed canopy and mesic forests (Davis et al.
2000; Peterson and Reich 2001). While historical and botanical records attest to the
presence of these communities in the Cumberland Plateau and the central and
southern Appalachians (Ison 2000), the historical frequency and extent of these
woodland and savannah communities in the region is unknown and a matter of
active debate. Greater regions of woodland and savanna are believed to have
existed in the Bluegrass and Big Barrens regions of Kentucky (McInteer 1952), but
few remnants remain today for study (McEwan and McCarthy 2008).

Logging

Other than the complete removal of forests through agricultural conversion,
surface mining, or development, logging has provided the most intensive, and
certainly widespread, impacts to forests in the Eastern Deciduous Forest during the
modern era. Logging historically has taken many forms resulting in a wide range of
secondary forest conditions. In many cases, the practice of selective cutting of the
most valuable trees, particularly over multiple entries, resulted in a shift in species
composition while leaving trees that, from a timber perspective, are of poor form,
quality, or health (Roach and Gingrich 1968, Kentucky Division of Forestry 2010).
Modern forestry, beginning in the mid-20th century, emphasized even-aged
methods of forest management, including clearcutting, seed-tree, and shelterwood
methods with an emphasis on the regeneration of commercial species and high-

value timber (Roach and Gingrich 1968; Wenger 1984), though uneven-aged
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approaches have also been applied (Smith 1980; Wenger 1984) . More recently,
selective approaches have been designed to enhance or better mimic old-growth
forest conditions (Runkle 1991; Lorimer and Frelich 1994; Keeton 2006; Bauhus et
al. 2009). However, most forest land in Kentucky is privately owned, with logging
practices essentially unregulated and often carried out in the absence of a certified
forester or management plan (Kentucky Division of Forestry 2010).

Logging can create canopy disturbances similar to some types of natural
disturbance (Larsen and Johnson 1998), though often at scales significantly larger
than those occurring from most natural processes (Seymour et al. 2002). While
removal of the canopy from logging or natural disturbance induces a loss of
dissolved nutrients from decomposition-nitrification processes, the removal of
biomass from logging can cause a loss of several times this amount (Borman and
Likens 1979). And unlike natural processes, surface disturbance from logging roads,
skid trails, and dragging logs can both increase erosion and create conditions
promoting the establishment of non-native invasive plants (Patric 1976; Wenger

1984; Marshall and Buckley 2008).

1.7 AMERICAN CHESTNUT (CASTANEA DENTATA)

Any discussion of the current structure and function of Appalachian forests
would be remiss to omit addressing the loss of the American chestnut (Castanea
dentata). While its prevalence was variable, American chestnut was a dominant
species in many forests throughout the Appalachian region and Cumberland Plateau
(Braun 1950). Prized for its rot-resistant timber and abundant, nutritious nuts,
American chestnut was effectively extirpated as the result of the introduction of the
Asian fungus Cryphonectria parasitica. First identified in New York in 1904 (Griffin
2000), the blight reached Kentucky by 1930 and quickly spread throughout the
state. The fungus attacks the trees’ vascular tissue, effectively girdling the tree and
choking off the flow of nutrients and water. However, the rootstock can survive and

send up new stems, which are frequently observed in Appalachian forests, though
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rarely larger than saplings. Several efforts to develop and deploy resistant strains of
American chestnut show promise (Griffin 2000; Jacobs 2007). American chestnut
was able to survive a wide range of edaphic conditions, and replacement in the
canopy following blight appears to have been strongly related to whichever species
were both present at a given site at the time of decline and physiologically capable
of exerting dominance (Elliot and Swank 2008). While an occasional chestnut stump
can still be found, because of the > 70 years since chestnut decline in Kentucky, no
direct, American chestnut-related structural impacts, such as gaps, down logs, etc,

are common in present-day forests.

1.8 STATUS OF OLD-GROWTH FORESTS IN KENTUCKY

By 1930, nearly all of Kentucky’s forests had been logged or converted to
agricultural use (Braun 1950; Jones 2005). However, a small sample of old-growth
forests were left largely untouched and remain today for study and enjoyment.
These remaining old-growth forests can be considered as existing within a
continuum of old-growth quality or relative pristineness, with some affected only by
Chestnut blight or episodic grazing, others subjected to the selective removal of a
small number of high-value trees, and still others that retain significant numbers of
old-growth trees and structure but show signs of moderate levels of timber removal,

grazing, or other human disturbance (Cooper 2011).

Lilley Cornett Woods

Lilley Cornett Woods in Letcher County is a 224 ha (554 ac) preserve that
includes 101 ha (252 ac) of old growth forest in the Mixed Mesophytic region of
southeastern Kentucky. The forest is managed by the Eastern Kentucky University
Division of Natural Areas and has been the subject of intensive study for several
decades (Martin 1975, 1992; McComb and Muller 1983; McEwan et al. 2005;
McEwan and Muller 2006). Because of its proximity to the study area, similarity of

forest types, and large pool of available data, Lilley Cornett Woods was used in this
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study as a benchmark for comparing structural characteristics of second-growth

and old-growth forests.

Blanton Forest

Blanton Forestis a 1,254 ha (3,100 ac) preserve including 951 ha (2,350 ac)
of old-growth on Pine Mountain in Harlan County, and is the largest old-growth
forest in Kentucky. The forest is managed cooperatively between the Kentucky State
Nature Preserves Commission and Kentucky Natural Lands Trust. The forest was
initially protected by its namesake family, with acquisitions by the Kentucky Natural
Lands Trust beginning in 1995. Despite its potential, the forest has so far been the
subject of little scientific research (Weckman 1999; Barnes 2002; Pederson et al.

2012).

Rock Creek Research Natural Area

Rock Creek Research Natural Area (RNA) is a 77 ha (190 ac) old-growth
hemlock-mixed mesophytic forest in Laurel county managed as a Research Natural
Area by the Daniel Boone National Forest (Thompson and Jones 2001). The old-
growth forest remained largely intact due to its relative inaccessibility within a cliff-
bound tributary of the Rockcastle River. Rock Creek RNA has been the subject of
several scientific inventories and studies (Braun 1950; Winstead and Nicely 1976;
Cameron and Winstead 1978; Thompson et al. 2000; Thompson and Jones 2001;
Tackett 2012).

Mammoth Cave Big Woods

The Big Woods of Mammoth Cave National Park is a 121 ha (300 ac) section
of old-growth forest in the Interior Low Plateau of the Western Mesophytic forest
region in Kentucky (Braun 1950; Jones 2005). The Big Woods are designated as a
Natural Area by the Kentucky State Nature Preserves Commission, while the
entirety of Mammoth Cave National Park is designated a UNESCO World Heritage
Site and Biosphere Reserve. Recent unpublished work suggests that the forest may

meet some definitions of old-growth forest but may have been impacted by some
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logging and other activities in the past (Neil Pederson, Lamont-Doherty Earth

Observatory, personal communication 2012).

Tight Hollow

Tight Hollow is a barely accessible 29 ha (72 ac) cliff-bound ravine on a
headwater tributary of the Red River in the Red River Gorge Geological Area of the
Daniel Boone National Forest. The forest is a mixed-mesophytic forest dominated by
tulip poplar (Liriodendron tulipifera), eastern hemlock (Tsuga canadensis) and white
pine (Pinus strobus), with a dense understory of rhododendron. Tight Hollow
currently has some of the oldest dated trees in Kentucky, with at least one tulip
poplar over 400 years in age (Scheff, unpublished data). The forest has been the
subject of at least two studies (Hendrix et al. 1971; Herman and See 1973) and is
listed as a candidate Research Natural Area in the Daniel Boone National Forest

Land Resource Management Plan (USDA FS 2004).

Beaver Creek Wilderness

Beaver Creek Wilderness is a 1,923 ha (4,753 ac) designated Wilderness
Area in the Daniel Boone National Forest in McCreary County. The central part of the
wilderness, which is entirely within a cliff-bound ravine, contains extensive old-
growth forest. While apparent that the forest has been impacted by some logging,
the full extent and quality of old-growth forest in Beaver Creek does not appear to

have been delineated or studied.

Other Old-Growth Forests

Other, more substantially impacted old-growth sites have been recognized
across Kentucky, including Angel Hollow, Gladie Creek, Hensley Settlement, Cane
Creek, and others (Cooper 2011; Tackett 2012). Numerous undocumented small

patches of old-growth forest likely remain in Kentucky.
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2. STUDY AREA

2.1 ECOLOGICAL SETTING

The study area was located within the Daniel Boone National Forest (DBNF)
in eastern Kentucky (Figure 2). The DBNF consists of 286,000 ha (706,000 ac)
within a 850,000 ha proclamation boundary, a majority of which spans a narrow
strip roughly 140 miles long in a generally northeast to southwest orientation along
the western escarpment of the Cumberland Plateau. The area is part of the
Appalachian Plateau physiographic province, and includes portions of the
Southwestern Appalachians and Western Allegheny Plateau Level III ecoregions
(Jones 2005).

The DBNF lies within the Mixed Mesophytic forest region (Braun 1950; Jones
2005), and includes a variety of forest types ranging from mixed mesophytic
communities in sheltered ravines to xeric oak and oak-pine communities along
ridges and exposed cliffline. The most common forest communities in the DBNF are
upland hardwoods of primarily oak-hickory forest associations that include an
admixture of both mesic and xeric species depending on topographic position,
edaphic conditions, and aspect.

The landscape is predominantly a dissected plateau of hilly to mountainous
terrain, including steep ravines, narrow stream channels, rolling hills, and more
than 5,000 km of cliffline on national forest system lands alone (USDA FS 2004).
Bedrock is a mix of sandstone, shale, siltstone, and limestone, and soils are generally
acidic and of moderate to low fertility (USDA FS 2004). Average precipitation ranges
from about 116 to 132 cm annually, generally increasing from north to south
(Abernathy et al. 2010). By age, approximately 68,800 hectares (24%) is over 100
years old and 1,630 hectares (0.6%) over 140 years old. Of the latter, only an
estimated 308 hectares is hardwoods, with the remainder mostly hemlock forests

(USDA FS 2009).

27



Lexington

Legend
/N Old sites
(O Young sites
Daniel Boone NF|
Berea
*
-y
EE
Somerset ‘
* <
2
®

Morehead A

- ¥
S
=
5
M
A
- ¥
o Tiwe
2
(& \: 2
: 4
B 1
W e
':\
= -~
\J
- . ¥
Wy a3 DA
. x

O e s Kilometers

0 10 20 40 60 80

Figure 2: Map depicting study sites in the Daniel Boone National Forest, Kentucky.

Circles indicate young study sites (70-90 years old); triangles indicate old study

sites (140-160 years old).
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2.2 DISTURBANCE REGIMES

Natural disturbance events in the DBNF are typical of the region, and include
thunderstorms and microbursts, tornadoes, derechos, and ice-storms, with fire,
logging, and historic coal mining and conversion to agricultural use being the main
forms of anthropogenic disturbance. Drought may also be a significant form of
natural disturbance in the area, albeit on longer time-frames, and with the capacity
to drive major regeneration events (Haasis 1923). Depending on the severity and
spatial scale of the disturbance event, the effects can be minimal, gap-scale canopy
disturbance affecting only individual or small groups of trees, or so severe as to
cause near-complete removal of the canopy. Other than the regional information
concerning natural perturbations discussed previously, little reliable data on rates

of natural disturbance exist for the study area.

2.3 LAND USE HISTORY

Humans have inhabited the Appalachian forest for the duration of the post-
glacial Holocene (Pollack 2008). While the direct relationship between humans and
impacts on the forest during the last 200 years are evident, elucidating the effects of
human activities over the preceding 10,000 years is more speculative. Still, it is
certain that humans interacted with their environment, and through practices like
hunting and burning may have had significant short- and long-term impacts on the
structure and distribution of natural communities (Delcourt et al. 1998). A better
understanding of past natural community structure, including the range of temporal
and spatial variability, will require an increased depth of knowledge of human

populations and cultural practices.

Native American Use
Archeological evidence suggests that human habitation of the Cumberland

Plateau extends to at least 11,000 to 14,000 years before present (B.P.) (Pollock
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2008). During the Paleoindian period and throughout most of the Archaic period,
humans are believed to have inhabited the Cumberland Plateau at relatively low
populations, utilizing hunter-gatherer subsistence practices. From about 9,500 to
7,300 B.P., cool-temperate to boreal forests including spruce (Picea spp.) and white
cedar (Thuja occidentalis) characterized the area (Delcourt et al. 1998). Forests then
shifted to a mixed mesophytic forest assemblage until around 4,800 years B.P., when
eastern hemlock (Tsuga canadensis) disappeared and eastern red cedar (Juniperus
virginiana) increased (Delcourt et al. 1998). Archeological and paleoecological
evidence, including charcoal and pollen from pond sediments, suggests that around
3000 years ago, concomitant with the shift from the Terminal Archaic to Early
Woodland periods, native inhabitants began using fire as a tool to clear areas
around settlements for growing cultivated, annual plants (i.e., “forest gardening”)
near cliff dwellings (Delcourt et al. 1998; Ison 2000). The development of fire as a
cultural practice coincides with a larger ecological shift evidenced in pollen records
toward more fire-tolerant taxa, including oaks (Quercus spp.) and chestnut
(Castanea) (Delcourt et al. 1998, Ison 2000), though the causal link is not entirely
clear.

Around 1000 A.D., two separate agriculturally-based societies defined
Kentucky. Western and southern Kentucky, and extending up the Cumberland river
valley, were part of the large Mississippian complex that extended well to the west
and south (Pollack et al. 2002). Mississippian society was organized in chiefdoms,
and was concentrated in large towns and mound complexes and associated smaller
settlements. Subsistence was based on farming of maize, squash, and beans, and
supplemented with hunting and gathering. Many Mississippian communities are
distinguished by the presence of flat mounds that are understood to be related to
the hierarchical power structure that is frequently attributed to the culture (Polluck
2008). Mississippian habitation in southeastern Kentucky appears to have been
mostly associated with small communities along the Cumberland river floodplain,
with rockshelters accounting for 55% of known sites and mostly attributed to
hunting camps (Pollack 2008). By the mid-fifteenth century, the Mississippian

culture collapsed in an episode of widespread abandonment that included the lower
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Ohio river valley and the western half of Kentucky, referred to as the “Vacant
Quarter” (Cobb and Butler 2002).

Fort Ancient societies were contemporary with their Mississippian
neighbors, occupying a region that included most of Kentucky’s Bluegrass region
and the Kentucky, Licking, and Big Sandy river watersheds, and extended as far as
southern West Virginia and southeast Ohio (Lewis 1996; Pollack et al. 2002). While
the Fort Ancient peoples subsisted in a manner similar to the Mississippian peoples,
communities were generally smaller and their social organization is believed to
have been much more decentralized and egalitarian (Lewis 1996). For the earlier
periods of Fort Ancient culture, communities and farms were established and then
abandoned after one or two generations as resources were depleted (Pollack et al.
2002). In Kentucky, larger settlements were concentrated in the larger river valleys,
with evidence of habitation in the more mountainous regions appearing to be
restricted to small hunting camps and rock shelters, a pattern similar to that of the
Mississippian culture. Unlike their Mississippian neighbors, the Fort Ancient

communities persisted into the 1700s (Pollack et al. 2002).

Euro-American Settlement

From the late 1600s into the early and mid-1700s, Kentucky is considered to
have been largely depopulated (Henderson et al. 1986; Aron 1996). While it has
been suggested that this apparent low in resident population was a result of
Iroquois attacks on the Shawnee in order to lay claim to game-lands in Kentucky
and along the middle Ohio river valley (Aron 1996), it is probable that depopulation
was driven more by pandemics and attendant social reordering (Henderson et al.
1986). The relationship between depopulation and evidence of extreme drought
around 1660 (Haasis 1923) has not been explored. Regardless of why, eastern
Kentucky seems to have remained sparsely populated throughout the eighteenth
century, with Shawnee, Cherokee, and other peoples gradually moving back into the
area as a seasonal hunting ground (Aron 1996). However, while the French and
English had long travelled the Ohio river corridor, it wasn’t until the late eighteenth

century that Anglo-American long hunters, including Daniel Boone, began pressing
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into Appalachian Kentucky in search of both game for the fur trade and land
interests. Despite ongoing conflicts with Native American groups, by the late 1770s
the first mass-migrations of white settlers through the Cumberland Gap and into
Kentucky via the Wilderness Road began (Aron 1996). While the first migrants into
Kentucky settled in the Bluegrass Region in central Kentucky, it was not until the
first quarter of the nineteenth century that immigrants settled the more rugged
lands of the Cumberland Plateau (Pudup 1990).

Early Euro-American settlement of the Cumberland Plateau was
characterized by forest clearing for subsistence agricultural production and forest
grazing of livestock, particularly hogs, for both family use and market sale (Pudup
1990). Forest clearing took many forms, but usually included some version of
cutting and burning trees followed by digging or burning out stumps to prepare the
land for planting (Whitney 1994). Where trees were too large to cut, particularly in
bottomlands, they were sometimes girdled and left to die standing, with crops
planted underneath the newly bare canopy (Collins 1975). Availability of soil
nutrients from the removal of vegetation and mineralization from burning allowed
for abundant crop yields, though usually for only a short period of time. Within 2 -
10 years productivity at a given site would be depleted and the plot abandoned in a
practice known as “forest fallowing,” while other areas were cleared and put into
production (Otto 1989; Pudup 1990).

While a great deal of timber was burned as waste, small-scale logging was
also taking place during the mid-nineteenth century, with trees felled and dragged
to the nearest stream to be floated to market with spring floods (Pudup 1990).
However, after the Civil War, technological developments, including steam power,
along with westward American expansion, urban growth, and diminishing timber
supplies in the east, created a new timber economy driven by large timber and land-
holding companies (Whitney 1994). By the 1880s the lumber industry in Kentucky
became more fully developed, and forest exploitation expanded at a dramatic rate
(Collins 1975; Pudup 1990). By 1930, nearly all of Kentucky’s original forest had
been logged (Braun 1950; Jones 2005).
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National Forest Establishment

Beginning in the late nineteenth century, a series of laws were passed that
paved the way for the establishment of the Daniel Boone and other national forests.
Most important were the Creative Act of 1881, authorizing the setting aside of
public lands as forest reserves, the Organic Administration Act of 1897, which
established a system of National Forests, and the Weeks Law of 1911, which
authorized the federal government to purchase forest lands, especially degraded
lands, “for the purpose of conserving the forests and the water supply of the States”
(Granger 1949; USDA FS 1993).

In 1937 the Cumberland National Forest was established in Kentucky, with
the federal government purchasing 136,254 ha (336,692 acres) within an
established proclamation boundary of 541,556 ha (1,338,214 ac). In 1966 the name
of the forest was changed to the Daniel Boone National Forest to address long-held
opposition in Kentucky over the original naming (Collins 1975). Currently, the
federal government manages a highly fragmented 286,000 ha (706,000 acres)
within a 850,000 ha (2,100,000 ac) proclamation boundary under a multiple use
framework that includes various forms of recreation, ecosystem management,
commercial logging, mining, and oil and gas development. Logging during the
national forest period has varied in method and scope, with a major boom occurring
during the 1980s and 1990s, during which approximately 100,000 acres was logged
(USDA Forest Service 2009). The long-term legacy has left a mix of primarily
second- and third-growth forests on the DBNF with small amounts of old-growth

mostly found in isolated and difficult to access ravines.
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3. METHODS

3.1 SITE SELECTION

Study sites for this project were initially derived using data in the Daniel
Boone National Forest Stands GIS database (USDA Forest Service 2009). The
database provides basic spatial and inventory information for nearly all stands in
the DBNF, including age and forest type. A series of queries were used to select 70 -
90 year-old (hereafter “young”) and 140 - 160 year-old (hereafter “old”),
predominantly hardwood stands absent significant quantities of eastern hemlock
(Tsuga canadensis) and shortleaf pine (Pinus echinata). Eliminating these two
species was done for several reasons. Firstly, the two species were removed to
better isolate for study oak-dominated and other hardwood stands from the more
restricted mixed-mesophytic and xeric pine and oak-pine community associations,
with hemlock and shortleaf pine, respectively, being strong indicators for these
communities.

In addition to filtering for community type, shortleaf pine was avoided
because forests in the DBNF were subject to a major outbreak of the southern pine
beetle (Dendroctonus frontalis Zimmermann) from 1999 - 2002 that killed an
estimated 61% of shortleaf and Virginia pines (Pinus virginiana) in the DBNF
(Maingi and Luhn 2005). It was assumed that structural changes resulting from pine
beetle induced mortality in mixed stands would represent a level and type of
exogenous disturbance that would affect forest stand development in a manner
outside the scope of this investigation, and possibly skew values obtained for
various structural metrics. Stands with significant eastern hemlock were similarly
removed from the study because of the recent arrival of the hemlock wooly adelgid
(Adelges tsugae Annand), an invasive, aphid-like insect that infests eastern hemlocks
resulting in mortality of hemlocks in about 4-6 years (Eschtruth et al. 2006). It was
assumed that the structural and successional trajectories soon to be seen in hemlock

forests across the study area would make investigating the development of old-
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growth characteristics in these particular stands somewhat moot and limit the
applicability of this study’s findings for future management decisions.

Nine old sites in the DBNF were located that met age and species criteria and
were reasonably accessible. Young sites, which were much more abundant, were
matched to old sites based on proximity and, where possible, aspect and elevation
(Figure 2). Sampling occurred from June 2010 through October 2011 while leaves
were on trees to aid in identification. A total of 1 - 3 plots were sampled at each site.
Sites limited to one sample plot either had only one suitable forest patch per study
criteria or had access constraints or other difficulties limiting my ability to sample

more plots.

Plot Location

Age data provided by the Stands GIS database were frequently inaccurate in
the field, often describing only small patches within delineated stand boundaries. To
locate forest patches meeting the appropriate age criteria, canopy trees were
selectively cored with an 18” increment borer and growth rings field counted. Once
a forest patch > 0.5 ha meeting study criteria was identified, a study plot was
randomly sited within the forest patch. Plot location was randomized by picking a
location roughly in the middle of the forest patch and spinning a standard board-
game style spinner and walking 10 paces in the direction of the arrow. This was
repeated a total of 3 times to minimize selection bias for or against the starting

location. The ending location was then used as the center of the study plot.

Sampling

For each plot, a 10 x 10 m quadrat was set on the cardinal directions. The
species, diameter at breast height (DBH; 1.3 m above the ground), crown position
(overtopped, intermediate, codominant, or dominant; Table 1 & Figure 3), and
illumination index (1-5) (modified from Jennings et al. 1999; Table 1) of each tree >
10 cm DBH was recorded. The number and species of all saplings (trees < 10 cm
DBH and > 1 m tall) and seedlings (trees < 1 m tall) in nested subplots of 5x5 m and

3 x 3 m, respectively, in the NE corner of each plot were recorded. Coarse woody
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Table 1: Criteria used to assign canopy position and illumination index values to

trees within study plots in the Daniel Boone National Forest, Kentucky.

Crown Position

Dawkins Crown Illumination Index

level of the canopy

Class Definition Class Definition
Overtopped (0O)  Shorter than the canopy level 1 No direct light (crown not lit
and receiving no illumination directly either vertically or
from above laterally
2 Lateral light (<10% of the vertical
projection of the crown exposed to
vertical light, crown lit laterally
Intermediate (I)  Shorter than the general 3 Some overhead light (10-90% of
canopy level, tree crown the vertical projection of the
reaches into lower foliage of crown exposed to vertical
canopy trees illumination)
Codominant (C)  Crown within the general 4 Full overhead light (>90% of the
level of the canopy vertical projection of the crown
exposed to vertical light, lateral
light blocked within some or all of
the 90° inverted cone
encompassing the crown)
Dominant (D) Crown above the general 5 Crown fully exposed to vertical

and lateral illumination within the
90° inverted cone encompassing
the crown

Source: Modified from Jennings, S.B., N.D. Brown, and D. Sheil. 1999. Assessing

forest canopies and understorey illumination: canopy closure, canopy

cover, and other measures. Forestry 72(1): 59-73.
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Figure 3: Diagram showing crown position (a) and illumination index (b) scores

used to assess canopy structure in forests in the Daniel Boone National Forest,

Kentucky.
Source: Reprinted from Jennings, S.B., N.D. Brown, and D. Sheil 1999. Assessing

forest canopies and understorey illumination: canopy closure, canopy cover,

and other measures. Forestry 72(1): 59-73.
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debris (CWD) was defined as downed dead wood > 10 cm diameter and > 1.0 m
long, with the volume determined by the equation V = [mh(R12 + R1R2 + R22)]/3,
where h is the within-plot length of the segment, and R; and R; are the end radii of
each segment (Rubino and McCarthy 2003). In cases where the segment diameter
tapered to < 10 cm, h was measured only to where the diameter equaled 10 cm.
Where the segment crossed the plot boundary, the diameter was recorded at the
boundary. Snags were recorded for DBH and height using a clinometer within a

20 x 20 m plot centered on the 10 x 10 m quadrat. Decay class (1-5) of both CWD
and snags was assigned following Rubino and McCarthy (2003) (Table 2).

To assess age structure, an 18” increment borer was used to remove two
cores from one tree in each of three size classes (10 cm < DBH < 25 cm, 25 < DBH <
50 cm, and DBH > 50 cm) in each plot. Where a tree of a particular diameter class
was not available within the plot, the nearest tree to the plot in the respective
diameter class was cored for age structure but excluded from other vegetation

analyses.

Table 2: Criteria used to assign decay class to coarse woody debris in the Daniel

Boone National Forest, Kentucky.

Decay Class Criteria

I Bark intact, small branches present

11 Bark loose or sloughing, small branches present, no sapwood
degradation

I Little to no bark, sapwood degradation, not punky

I\ No bark, mosses present, distinct sapwood degradation, punky

\Y No bark, loss of circular shape, portions of log incorporating into

humus layer, high fragmentation and moss cover

Source: Rubino, D.L. and B.C. McCarthy. 2003. Evaluation of coarse woody debris
and forest vegetation across topographic gradients in a southern Ohio

forest. Forest Ecology and Management 183: 221-238.
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3.2 ANALYSIS

Data were analyzed by scaling values for each plot to per-hectare values, and
aggregating plots within each age cohort to calculate means for given structural
metrics. Graphical interpretation and statistical analyses were used to assess
structural patterns. Because of high variance, non-parametric distributions of most
data, and the failure of logarithmic transformations to adequately establish
parametric distributions, I relied primarily on the Mann-Whitney U test for testing
significance. The Mann-Whitney U test is a non-parametric significance test that
looks for differences in the central tendency of a range of values by transforming
values to ranks, thus minimizing the effect of outliers in determining statistical
significance (Zar 2010). Where data were distributed normally, I used a standard ¢
test. It is possible that a larger sample size would have resulted in a more
parametric distribution of values for some of the characteristics studied. However,
resource limitations did not make this possible.

Low sample size has been recognized as resulting in larger P-values, which
can obscure biological significance (Yoccoz 1991; Johnson 1999). Confidence
intervals have been proposed as a more valuable alternative to relying on P-values
(Yoccoz 1991; Johnson 1999). However, non-parametric alternatives for calculating
confidence intervals were not readily apparent for this study. Therefore, to better
balance Type I and Type Il error, significance was set at P < 0.1 instead of the
conventional P < 0.05, with P-values reported and analyzed in context with
graphical interpretation of sample means and discussions of forest processes. It is
also important to note that outliers of relatively infrequent phenomena, such as
large-diameter snags, could be biologically significant, but not result in statistical
significance due to the ranking nature of the Mann-Whitney U test.

Tree ages where cores were oblique to, but < 3 cm from the pith were
estimated by fitting a circle of known radius to the curvature of existing rings and
estimating the missing rings by applying the average number of rings in the last

evident centimeter to the missing distance to the pith. Where trees were hollow and

39



cores oriented toward the pith, or oblique and > 3 cm from the pith, no age estimate
was made. Unlike other metrics in this study, tree age data are provided as counts
rather than means.

Where applicable, results were compared with data from Lilley Cornett
Woods from unpublished 2010 survey data (McEwan and Richter 2010) and
previously published literature (Parker 1989; Muller and Liu 1991; Martin 1992).
Because of differences in data collection and methodology, statistical comparison
was not appropriate, with graphical and numerical data standing on their own. Data
were also compared to values in the Region 8 Guidance to assess the status of
forests studied relative to administrative considerations (USDA Forest Service

1997).
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4. RESULTS

Age Distributions

Tree age distribution in young forest was clumped around the 1920s through
1940s, consistent with the target stand age (Figure 4a). Several trees older than
general stand age were present, represented by oaks (Quercus spp.) and mockernut
hickory (Carya tomentosa). Regeneration was primarily oaks and tulip poplar
(Liriodendron tulipifera), with a spike of red maple (Acer rubrum) in the 1930s and,
to a lesser extent, in the 1950s (Figure 4a). No trees recruiting after the 1960s were
found to have reached the 10 cm minimum diameter range for sampling.

Old forest had a much broader age distribution than young forest, showing
near-continuous recruitment from the 1840s through the 1980s, with several trees
over 200 years in age, including white oak (Quercus alba), chestnut oak (Q.
montana), pignut hickory (Carya glabra), and tulip poplar (Liriodendron tulipifera)
(Figure 4b). Oaks and pignut hickory (C. glabra) dominated recruitment from the
1840s through 1870s, with oak recruitment sporadic until the 1930s. Sugar maple
(Acer saccharum) and tulip poplar were strong recruiters during the 1890s and
1900s, with red maple entering the mix beginning in the 1910s through the 1930s
(Figure 4b). Recruitment from 1940 onward was characterized by largely shade-
tolerant species, including eastern hemlock (Tsuga canadensis), cacumber magnolia
(Magnolia acuminata), American beech (Fagus grandifolia), black gum (Nyssa

sylvatica), and sugar maple.

Coarse Woody Debris

Total coarse woody debris (CWD) was 23.0 m3/ha in young forest and 84.9
m3/ha in old forest (Mann-Whitney U = 165.5, n1 =17, n2 = 15, P = 0.1, one-tailed)
(Figure 5). CWD in young forest was restricted to logs < 30 cm diameter, with more
volume in this size range than in old forest (Mann-Whitney U = 194, n1 =17, n2 = 15,
P <0.01, one-tailed), while in old forest CWD volume was dominated by logs

between 40 cm and 79 cm diameter (Figure 6). CWD in old forest was mostly in
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Figure 4: Age distribution of trees in young (a) and old (b) forest. Abbreviations as

follows: ACRU = red maple (Acer rubrum); ACSA = sugar maple (Acer saccharum);

CATO = mockernut hickory (Carya tomentosa); FAGR = American beech (Fagus

grandifolia); FRAM = white ash (Fraxinus americana); LITU = tulip poplar

(Liriodendron tulipifera); MAAC = cucumber magnolia (Magnolia acuminata); NYSY

= black gum (Nyssa sylvatica); PIEC = shortleaf pine (Pinus echinata); QUAL = white

oak (Quercus alba); QUCO = scarlet oak (Quercus coccinea); QUMO = chestnut oak

(Quercus montana); QURU = northern red oak (Quercus rubra); QUVE = black oak

(Quercus velutina); TIAM = basswood (Tilia americana); TSCA = eastern hemlock

(Tsuga canadensis).
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Figure 5: Coarse woody debris volume for young (70-90 years old), old (140-160
years old), and old-growth forest (Lilley Cornett Woods) in the Cumberland Plateau
of Kentucky.

Source: Old-growth value from Muller, R.N. and Y. Liu. 1991. Coarse woody debris in
an old-growth deciduous forest on the Cumberland Plateau, southeastern

Kentucky. Canadian Journal of Forest Research 21(11): 1567-1572).
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Figure 6: Coarse woody debris volume by diameter class in young (70-90 years old)

and old (140-160 years old) forest in the Daniel Boone National Forest, Kentucky.
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decay classes 1 and 4, while young forest had CWD spread somewhat evenly from

classes 2 through 5 (Figure 7).

Snags

Young forest had 32.8 snags/ha in the 10 cm diameter class, compared to
only 7.4 snags/ha in this diameter in old forest (Mann-Whitney U= 195.5,n1 =17, n2
=16, P < 0.025, one-tailed) (Figure 8). Values were similar for snags in the 20 cm
through 40 cm diameter classes. Old forests had 5.9 snags/ha > 50 cm diameter
compared to 1.6 snags/ha in young forest, though the difference was not statistically

significant (Mann-Whitney U= 163,n1 =17, n2 = 16, P = 0.15, one-tailed).

Crown Position

While old forest appeared to have more overtopped (O) trees (644.4/ha
versus 446.7 /ha in young forest) (Figure 9), this difference was not statistically
significant (Mann-Whitney U =153, n1 = 18, n2 = 15, P> 0.2, one-tailed). Young and
old forests had similar values for intermediate trees (146.7 trees/ha in young and
166.7 trees/ha in old forest), though the pattern for codominant and dominant trees
was quite different. Young forest had 233.3 codominant (C) trees/ha compared to
88.9 trees/ha in old forest. Old forest had 55.6 dominant (D) trees/ha, while young
forest had none.

In both young and old forest, oaks were predominant in the overstory
(codominant and dominant crown positions), while nearly absent in the overtopped
(0) layer. Maples followed an opposite pattern, dominating the overtopped layer
while nearly absent in the codominant and dominant layers. Oak density was about
the same as maple in the intermediate (I) position for young forest, though oak was
barely represented in this layer in old forest. No other species represented more

than 10% of any given crown position in young or old forest.

Illumination Index
Indices 1, 4, and 5 of the illumination index followed a nearly identical

pattern to the overtopped (0O), codominant (C), and dominant (D) crown positions,
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Figure 7: Coarse woody debris volume by decay class in young (70-90 years old)

and old (140-160 years old) forest in the Daniel Boone National Forest, Kentucky.
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Figure 8: Snag density by diameter class in young (70-90 years old) and old (140-
160 years old) forest in the Daniel Boone National Forest, Kentucky.
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Figure 9: Crown position in young (y) (70-90 years old) and old (o) (140-160 years
old) forest in the Daniel Boone National Forest, Kentucky. Categories are

overtopped (0O), intermediate (I), codominant (C), and dominant (D).

Source: Modified from Jennings, S.B., N.D. Brown, and D. Sheil. (1999). Assessing

forest canopies and understorey illumination: canopy closure, canopy cover,

and other measures. Forestry 72(1): 59-73.
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respectively, in both absolute density and density of oak and maple species in young
and old forest (Figure 10). For illumination index 2, young forest had 33.3 stems/ha
while old forest had 83.3 stems/ha, though statistical significance is arguably
lacking (Mann-Whitney U = 169, n1 = 18, n2 = 15, P 0.12, one-tailed). Nearly all
differences between young and old forest for illumination index 2 resulted from
more maples in the older forest.

For illumination index 3, young forest had 46.7 stems/ha compared to 166.7
stems/ha in old forest (Mann-Whitney U = 186, n1 = 18, n2 = 15, P < 0.05, one-tailed).
As with illumination index 2, the increase observed in old forest was driven largely

by maples, though other species also contributed to this difference.

Canopy Species

The relative frequencies of canopy species (codominant or dominant trees)
show a predominance of white oak (Quercus alba) followed by chestnut oak (Q.
montana) and tulip poplar (Liriodendron tulipifera) in both young and old forest
plots sampled (Figure 11). Young forest had more hickories (Carya spp.) and red
oak (Q. rubra). Red maple (Acer rubrum), shortleaf pine (Pinus echinata), scarlet oak
(Q. coccinea), and black oak (Q. velutina) appeared only in the canopies of young
forest plots. Unique to old forests canopies were basswood (Tilia americana),
American beech (Fagus grandifolia), black gum (Nyssa sylvatica), and eastern

hemlock (Tsuga canadensis).

Basal Area and Density

Total basal area was greater in old forest, with 31.5 m2/ha in young forest
and 41.0 m2/ha in old forest (¢(31) =1.50, P =0.072) (Figure 12). The density of
trees > 10 cm DBH in young and old forest was 420 stems/ha and 378 stems/ha,
respectively, with differences not significant (Mann-Whitney U = 145, n1 =18, n2 =
15, P> 0.2, two-tailed). This compares to 536 stems/ha from the 2010 Lilley Cornett
Woods data and the 250 stems/ha average reported for the same forest by Martin
(1992) (Figure 13).
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Figure 10: [llumination indices (1-5) for young (y) (70-90 years old) and old (o)
(140-160 years old) forest in the Daniel Boone National Forest, Kentucky.

Source: Jennings, S.B., N.D. Brown, and D. Sheil. (1999). Assessing forest canopies
and understorey illumination: canopy closure, canopy cover, and other

measures. Forestry 72(1): 59-73.
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Figure 11: Canopy species in young and old forest, including codominant and
dominant trees in young (70-90 years old) and old (140-160 years old) forest in the

Daniel Boone National Forest, Kentucky.
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Figure 12: Basal area in young (70-90 years old), old (140-160 years old), and old-
growth forest (Lilley Cornett Woods) in the Cumberland Plateau of Kentucky.

Source: Old-growth value is calculated from McEwan, R.W. and S. Richter. 2010.

Lilley Cornett Woods long-term data. Division of Natural Areas, Eastern

Kentucky University, Richmond, KY.
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Figure 13: Density of trees > 10 cm DBH in young, old, and old-growth forests
(Lilley Cornett Woods) in the Cumberland Plateau of Kentucky.

Source: Old-growth values are from Lilley Cornett Woods. LCW 2010 data are
derived from McEwan, R.W. and S. Richter. 2010. Lilley Cornett Woods long-
term data. Division of Natural Areas, Eastern Kentucky University,
Richmond, KY. LCW 1992 data are from Martin, W.H. 1992. Characteristics
of old-growth mixed mesophytic forests. Natural Areas Journal 12(3): 127-
135.
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Diameter Distributions

Maximum diameters in young, old, and old-growth forests (McEwan and
Richter 2010) were 55.6 cm, 88.9 cm, and 124.0 cm, respectively, showing a clear
trend of increasing maximum diameter with time (Figure 14). The diameter
distribution for the 140-160 year-old, old forest followed close to a reverse-]
distribution, with a slight plateau through the 20 cm and 30 cm diameter classes
reminiscent of a rotated sigmoid distribution. The diameter distribution for young
forest shows a hump in the mid-diameter (20-49 cm) range where the old forest
appears to plateau and drop. Differences between age groups in the 30-49 cm range
were significant (Mann-Whitney U =211, n1 = 18, nz = 15, P < 0.005, one-tailed). By
comparison, the Lilley Cornett Woods data from 2010 followed a smooth reverse-]J,
long-tailed distribution (Figure 14).

Despite the appearance of a trend in the 2.5 cm diameter cohort of increasing
density with age, results of a Mann-Whitney U-Test indicated a lack of significant
differences between young and old forest (Mann-Whitney U =157, n1 = 18, n2 = 15,
P> 0.1, two-tailed).

Seedlings and Saplings

Total seedlings were greater in young than old forest, with 31,630 stems/ha
and 14,127 stems/ha, respectively, though the difference was not statistically
significant (Mann-Whitney U =151, n1 = 18, nz = 15, P > 0.2, one-tailed). Saplings
followed a similar, though statistically significant, pattern of 2,987 stems/ha in
young and 1,689 stems/ha in old forest (Mann-Whitney U=178,n1 =18,n2=15,P <
0.1, one-tailed)(Figure 15a).

There were more maple (Acer) seedlings in young forest than old forest
(9,259 stems/ha and 3,810 stems/ha, respectively; Mann-Whitney U =177, n1 = 18,
nz = 15, P < 0.1, one-tailed). Oak (Quercus) seedling densities were greater in young
forest (14,519 stems/ha) than in old forest (2,037 stems/ha) (Mann-Whitney U =
229.5,n1 =18, n2 =15, P < .01, one-tailed). The large number of oak seedlings in the
young forest was driven, in large part, by a single plot that had a very large number

of very small chestnut oak (Q. montana) seedlings. Removing this plot resulted in a
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Figure 14: Diameter distributions of live trees in young (70-90 years old), old (140-
160 years old), and old-growth forest (Lilley Cornett Woods) in the Cumberland
Plateau of Kentucky.

Note: Inset shows diameters >70 cm dbh.

Source: Old-growth values calculated from McEwan, R.W. and S. Richter. 2010. Lilley

Cornett Woods long-term data. Division of Natural Areas, Eastern Kentucky

University, Richmond, KY.
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Figure 15: Density of seedlings (A) and saplings (B) in young (70-90 years old) and
old (140-160 years old) forests in the Daniel Boone National Forest, Kentucky.
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density of 9,603 stems/ha for young forest, with the difference in oak seedling
density remaining significant (Mann-Whitney U = 211.5, n1 = 18, n2 = 14, P < .01,
one-tailed). Old forest had more maple than oak seedlings (Mann-Whitney U = 206,
n; = 18, n2 = 18, P < 0.1, one-tailed), while young forest showed no differences
(Mann-Whitney U =135.5,n1 =15,n2 =15, P~ 0.2).

Young forest had more oak saplings than old forest (373 stems/ha and 0
stems/ha, respectively; Mann-Whitney U= 171, n1 = 18, n2 = 15, P = 0.1, one-tailed),
while maple sapling density was also greater in young forest (1,227 stems/ha and
600 stems/ha, respectively; Mann-Whitney U= 179,n1 =18, n2 =15, P < 0.1, one-
tailed)(Figure 15b). Old forest had significantly more maple than oak saplings
(Mann-Whitney U =261, n1 =18, n2 =18, P < 0.001, one-tailed), while young forest
had nearly twice as many maple as oak saplings (Mann-Whitney U= 179, n1 = 15, n2
=15, P=0.0025).
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5. DISCUSSION

The data presented here represent a composite of plots from similar forests
in two age classes across the Daniel Boone National Forest and the Western
Escarpment of the Northern Cumberland Plateau of Kentucky. The wide-ranging,
low-density sampling employed in this study limits the capacity for site-specific
interpretation, and instead offers insight into broad patterns of forest development.
This study was designed as a chronosequence investigating the development of old-
growth characteristics with time based upon existing forest inventory age data.
However, dendrochronological analysis suggests that historical contingencies,
especially of differences in disturbance intensity, may also have a bearing on current
forest structure.

While some individual characteristics examined in this study were found to
be of marginal or lacking of statistical significance, overall results show that the old
forests sampled are approaching old-growth conditions (Table 3). Trends in the
data indicated that old forest had more large trees, large snags, coarse woody
debris, canopy gaps, canopy stratification, and overall basal area, along with a more
uneven age distribution, than young forest. While old forest was generally
intermediate between young and old-growth forest conditions, it more closely
resembled old-growth forest than young forest which, at 70-90 years, would
typically be considered “mature” and ready for harvest by many silvicultural
standards (Miller et al. 1995).

Old forest in this study was defined as forests between 140 and 160 years in
age, reflecting the oldest second-growth hardwood stands as provided in the DBNF
Stands GIS database (USDA FS 2009). As discussed in the methods section, field
examination of inventoried stands most often revealed that stands ostensibly within
the sought after age bracket were predominantly of a younger age—typically
between 110 and 130 years of age, and that older forest was relegated to small
patches within these decades-younger forests. It is also probable that, despite great

care, errors occurred in field-counting tree cores when confirming forest age, and
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Table 3: Comparison of selected old-growth benchmarks in young (70-90 years
old) and old (140-160 years old) forest in the Daniel Boone National Forest,

Kentucky.

Source Characteristic Benchmark Young forest 0Old forest

Martin (1992) Large canopy trees > 7 trees/ha > 75cm DBH No; (0/ha) Yes (16.7/ha)

R8 Guidance Canopy trees > 50 cm DBH Few (13.3/ha) Many (66.7 /ha)

Martin (1992) Tree ages Oldest trees > 200 years No Yes

R8 Guidance Canopy > 150 years No Yes

Martin (1992) Stem density 160-315 stems >10 cm DBH/ha No (420/ha) No (378/ha)

Parker (1989) 161-427 stems > 10 cm DBH/ha Yes Yes

Martin (1992) Total basal area Total basal area > 25 mz/ha Yes Yes

R8 Guidance Total basal area > 10 mz/ha Yes Yes

Martin (1992) Snag density Ave. 10 snags > 30 cm DBH/ha No (3/ha) No (8.82/ha)

Muller & Liu (1991) | Coarse woody debris | More in old -growth; 23.0 m3/ha 84.9 m3/ha
50.4 m3/ha in LCW

Oliver and Larson Age distribution Uneven age distribution No Yes

(1996), Frelich

(2002)

Frelich (2002) Canopy Structure Vertical and horizontal structural | Less More
complexity

Sources: Martin, W.H. 1992. Characteristics of old-growth mixed mesophytic forests. Natural Areas
Journal 12(3): 127-135.

USDA FS. 1997. Guidance for Conserving and Restoring Old-Growth Forest Communities on
National Forests in the Southern Region. Report of the Region 8 old-Growth Team. United
States Department of Agriculture Forestry Report R8-FR, 56.

Parker, G.R. 1989. Old-growth forests of the central hardwood region. Natural Areas Journal
9(1): 5-11.

Muller, R.N. and Y. Liu. 1991. Coarse woody debris in an old-growth deciduous forest on the
Cumberland Plateau, southeastern Kentucky. Canadian Journal of Forest Research 21(11):
1567-1572.

Oliver, C.D. and B.C. Larson. 1996. Forest Stand Dynamics, Update Edition. John Wiley &
Sons, Inc., New York.

Frelich, L.E. 2002. Forest Dynamics and Disturbance Regimes: Studies from Temperate
Evergreen-Deciduous Forests. Cambridge University Press, Cambridge.
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plots may have represented forest patches slightly older or younger than the target
age.

Patches of forest 140 to 160 years old at the time of this study initiated
between 1850 and 1870, during the homesteading period and just prior to the
major logging era (roughly 1870 to 1930) (Braun 1950; Collins 1975; Pudup 1990).
These older areas of forest represent small patches that were likely disturbed
within an otherwise intact, or mostly intact, forest. Whether the initiating
disturbances were natural or anthropogenic in origin, or both, is not clear, and likely
vary by site. However, the number of residual trees > 160 years in these older forest
patches suggest that the intensity of disturbance was intermediate for at least some
sites.

The most likely candidates for the disturbances that initiated the old forest
sites are logging or small-scale natural disturbance with localized effects (e.g.,
microbursts). This latter assumption is based on the fact that most forest
surrounding the old forest patches was only a few decades younger (i.e.,
regenerated c.a. 1880-1900) and likely regenerated by being logged, suggesting that
surrounding forest was substantially intact with merchantable trees when the old
forest patches were initially disturbed. Some stands had more area of forest
initiating during the target period, and may have been subject to larger disturbance
events (e.g., tornados, straight-line winds, or logging), but still within a matrix of
intact forest. Still larger-scale disturbances, such as ice storms, derechos, or extreme
drought, would most likely have caused more forest to be synchronously initiated
than was found. Based upon observations of the landscape and setting of the older
stands sampled here, clearing for homestead sites or small-scale agricultural use are
unlikely to have occurred at most sites because of steep slopes and the presence of
residual trees. Steep slopes, especially south-facing slopes, are less likely to be
productive and more likely to have older trees (Stahle and Chaney, 1994).

It is also notable that the oldest trees in the old forest were often not the
largest (Figure 16), suggesting that larger old-growth trees were removed. It may
also be that selectively removing the largest trees would have been extremely

difficult this early in settlement, when major infrastructure to support large-scale
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Figure 16: Size vs. age relationships for trees by species in young (70-90 years
old)(triangle) and old (140-160 years old)(circle) forests in the Daniel Boone

National Forest, Kentucky.
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logging was just entering the region, again suggesting that natural disturbance may
have been the cause of initiation. Ring patterns in residual old-growth trees often
indicated that they were suppressed and likely in the mid- or understory trees, or
otherwise of modest diameter at the time of disturbance. As such, basal area and
frequency after the initial disturbance was probably low, and comprised of
scattered, relatively small trees < 20 cm DBH. The initial forest structure in the
young forest cohort was probably similar to that of old forests, as evidenced by the
similar frequency of residual trees older than the dominant cohort.

Despite the unknowns associated with the history of individual forest stands,
the likelihood that initial forest structure following disturbance was probably
similar in young and old forests still allows for the elucidation of the development of

old-growth structural characteristics with time.

5.1 OLD-GROWTH CHARACTERISTICS

Age Distributions

Emerging patterns from the examination of age data show a wide and nearly
continuous distribution of ages in old forest ranging from around 1760 into the
1980’s, with ongoing recruitment from stand initiation until 1983 (and presumably
beyond, represented by seedlings and saplings). Within this age continuum, the old
forest cohort shows two pronounced episodes of recruitment after the major
disturbance event, from about 1890-1909 and then 1920-1929 that include shade
intolerant, mid-tolerant, and tolerant species. These episodes probably represent a
combination of natural and anthropogenic disturbances (i.e. selective logging) of
varying intensities, resulting in a range of light conditions and consequently
differences in species recruitment (Runkle 1982; Runkle and Yetter 1987; Tackett
2012). The age structure of the older forest in this study is similar to the general
patterns in old-growth forests, which are often uneven- or multi-aged, with
continuous or multiple periods of episodic recruitment (Martin 1992; Oliver and

Larson 1996; Frelich 2002; Tackett 2012). While there is some uncertainty about
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whether recruitment from about 1840 to 1900 represents continuous recruitment
in individual stands or instead reflects error in canopy age determination, ongoing
recruitment after 1900 was common in old forest plots. This, along with the
presence of several trees > 200 years old, lends legitimacy to the determination that
the old forests in this study are indeed mixed-aged forests.

The age distribution of the old forest cohort also bears a striking
resemblance to those recently published for Rock Creek Research Natural Area
(RCRNA) and Cane Creek in the Cold Hill Area (CHA), both hemlock-mixed
mesophytic forests in the DBNF (Tackett 2012). Rock Creek RNA was confirmed as
old-growth, though with some limited, selective cutting at one end of the ravine.
Cold Hill, in contrast, contained old-growth trees but was determined to have had
more intense selective cutting. Both forests were multi-aged and included the
presence of old-growth trees > 200 years old.

In contrast, young forest shows a more truncated age distribution, with little
recruitment following the initial disturbance peak from 1920-1939, and no trees at
10 cm DBH or larger having recruited after 1960. It is important to note here that,
since only trees > 10 cm DBH were cored, and because some tree species can remain
in the seedling or sapling stages for decades (Marks and Gardescu 1998), any lack of
a species during the past several decades from the dendrochronological record
presented here should not infer a lack of reproduction or persistence, but rather a
lack of trees growing to 10 cm or greater over the interval of time after disturbance
and prior to sampling.

While some trees older and younger than the dominant cohort are present,
young forest in this study was predominantly even-aged, though about 20 percent of
the trees in young forest were recruited prior to the initial disturbance peak,
compared to about 10 percent in the old forest. However, these percentages need to
take into account that some trees for both types of forest, and more in old forest,
were hollow and impossible to date accurately. Therefore, while old forest contains
more residual trees > 200 years old, the relationship between the ages and numbers
of residual trees to the period of initial disturbance is similar. In both young and old

forest, residual trees appear to have been mainly suppressed or midstory trees of

60



modest size (< 20 cm DBH) at the time of disturbance. Therefore, in an absolute
sense, the old forest had more old trees, but in a relative sense of forest
development they are similar.

[t is also notable that most residual trees in the young forest were < 50 years
older than the initial disturbance, while in old forest several of the residual trees
were 50-100 years older than the initial disturbance. If old forest was regenerated
by logging, this difference could be attributable to changes in the technology and
economics of logging between the mid-nineteenth century, when the old forest was
logged, and the latter period of the 1920s and 1930s, when the young cohort was
regenerated. As stated above, the tree-ring pattern in the residual trees suggests
that they were suppressed, relatively small trees when the forest was logged. By the
end of the logging boom in the 1920s and 1930s, the presence of established
infrastructure, a greater ease of cutting and hauling timber, and the fact that by this
time timber resources were dwindling in the region, all may have contributed to the
cutting of smaller trees that, 70 years earlier, may have been left in the forest.

While it is difficult to parse the influences of stand development from the
unknown history of anthropogenic disturbance at the patch and stand level with
such a limited data set, the overall pattern of age structure between older and
younger forest substantiates the presumption of similarity. Regardless of specific
land-use history, old and young forest had a considerably similar structure at the
time of initiation, validating that differences between to the two forest types are

substantially related to changes with time.

Succession

The distribution of canopy species shows that, while the two cohorts are
substantially similar, the old forest contains a handful of more mesic or shade-
tolerant species. One interpretation of this discrepancy is that the old sites, despite
efforts to obtain data from similar forest types, skewed toward more mesic
conditions. However, the dendrochronological analysis suggests that successional

processes may be responsible for the observed differences.
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While the young forest is mostly limited to shade-intolerant and mid-tolerant
species throughout the chronology, age reconstruction in the old forest shows that,
prior to about 1900, regeneration was dominated by mid-successional, shade-
intolerant or mid-tolerant species, including pignut hickory (Carya glabra), tulip
poplar (Liriodendron tulipifera), chestnut oak (Quercus montana), white oak (Q.
alba), and northern red oak (Q. rubra). From 1890 until 1930, shade-tolerant sugar
maple (Acer saccharum) and mid-tolerant red maple (A. rubrum) appear in the
record, while the oaks and tulip poplar continue to recruit. From 1940 onward,
recruitment was limited to shade-tolerant species, including eastern hemlock
(Tsuga canadensis), cuacumber magnolia (Magnolia acuminata), American beech
(Fagus grandifolia), black gum (Nyssa sylvatica), and sugar maple. While other
species may have recruited post-1940, none were sampled that had reached the
minimum coring diameter. This pattern of increasing shade tolerance suggests, in
the absence of substantial disturbance events that can reset or accelerate succession
(Abrams and Scott 1989), a migration toward a late-successional structure with age.
It is possible that this could suggest progression toward a climax old-growth
community (Braun 1950; Frelich and Reich 2003), though natural disturbance and
drought may maintain the forest as seral old-growth over the long-run (McEwan et
al. 2010). Further, a trend towards increased mesic species could also be following a
centennial-scale trend towards wetter conditions in the eastern US (Pederson et al.
2012).

While oak and maple dynamics will be discussed more thoroughly later, it is
worth noting here that in neither young nor old forest do hickories (Carya spp.)
recruit much into the twentieth century, with the youngest hickory in the young
forest recruiting around 1904 (before stand initiation), and 1851 in the old forest. In
both forest cohorts, hickories stop appearing in the record either at or before the
initial disturbance while oaks, a common associate, continue to recruit. Hickories
were present in both seedling and sapling layers, suggesting difficulty transitioning
from seedling and sapling stages to a tree in the lower canopy. This pattern may be,
in part, because hickories often grow very slowly (Figure 16), and so may not have

yet had time to progress into larger size classes.
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Coarse Woody Debris

Old-growth forests typically have a marked increase in coarse woody debris
(CWD) over younger forests (Parker 1989; Martin 1992; Hale et al. 1999; Spetich et
al. 1999; Harmon 2009). In this study, old, second-growth forest had substantially
more CWD than younger forest (84.9 m3/ha and 23.0 m3/ha, respectively), with the
difference driven by logs in upper diameter classes. Following a similar pattern,
Shifley et al. (1997) found 35.9 m3/ha in old-growth versus 17.5 m3/ha in second-
growth Missouri forests, with the differences being driven by logs in the larger
diameter ranges. Further, the old forest CWD volume exceeds several published
values for old-growth forests. Muller and Liu (1991) reported an estimated 50.4
m3/ha of CWD in Lilley Cornett Woods (Muller and Liu 1991). Importantly, the total
value for standing and down CWD in that study is given as 66.3 m3/ha, with 24% by
mass from snags. Reducing volume by 24% provides an estimate for downed CWD
of 50.4 m3/ha. This suggests that 140-160 years is enough time for forests in this
region to develop a pool of CWD similar to that found in old-growth forests, and that
140- 160 year old forests exhibit important functional and habitat differences from
their younger, 70 - 90 year old counterparts.

The distribution of decay classes in the old forest cohort indicated a
discontinuous input of CWD. While Martin (1992) suggested that CWD in various
stages of decay is a characteristic of old-growth forests, similarly discontinuous
distributions have been found in some old-growth forests (Shifley et al. 1997; Haney
and Lydic 1999). Therefore, the lack of continuity of decay classes does not
necessarily imply a substantial deviation from old-growth structure with respect to
CWD, nor does the relatively continuous distribution of CWD decay classes in the
young forest in this study suggest that it is similar to old-growth forest. Further, it
may be that the skewed distribution is an artifact of low sample size. Muller (2003)
showed that CWD at Lilley Cornett Woods followed a highly skewed distribution,
with low volumes of CWD in a large number of plots and large volumes in a small
number of plots. Because large pieces of CWD are uncommon and can have a large
effect on sample means, it may be that a greater number of sample plots are needed

to capture large pieces of CWD in various stages of decay.
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The presence of large-diameter coarse woody debris is also a useful proxy for
gap formation (Harmon 2009), which [ was unable to measure directly in this study.
Where small-diameter CWD reflects the death of small or mid-sized trees or the loss
of branches, the presence of large-diameter CWD signifies a legacy of the falling of
large trees from the canopy. Thus, while canopy gaps were not directly studied here,
the marked differences in diameter classes for CWD suggest that gap formation was
more prevalent in old forest, which is of ecological and biological importance in the

dynamics and habitat quality of old, second-growth forests.

Snags

The distribution of snags in the lower diameter range followed the expected
pattern of more small snags in young forest than old forest. Examining the ratio of
snags to live trees in the 10 cm DBH class, we find 0.22 for young forest and 0.042
for old forest, or a 5-fold increase by percentage of mortality in this diameter class
in young forest. Interestingly, the ratio of snags to trees in this diameter range is
similar to the 0.056 value for Lilley Cornett Woods derived from McComb and
Muller (1983). This same pattern was not seen in the 20 cm DBH class, with young
and old forests having a ratio of snags to live trees of 0.13 and 0.12, respectively.

The relatively large number of snags in the 10 cm DBH cohort in the young
forest was driven in-part by what appeared to be a recent fire in one plot causing
high mortality of red maple (Acer rubrum), as evidenced by burn marks on trees in
the stand. However, because of the utilization of ranks, rather than means, in the
Mann-Whitney U test, this outlier did not drive the statistical differences found
between the age classes. The comparatively high level of mortality in this diameter
class suggests ongoing processes in the young forest that are different from the old
forest. While the young forest appears in some respects to be in the demographic
transition phase, it may be that this increase in small diameter tree mortality is
related to density-dependent self-thinning from the stem-exclusion phase. This
possibility is corroborated by the dendrochronological analysis that showed how
many of the smaller midstory trees (which comprise the pool contributing to small

diameter snag density), and maples in particular, are actually part of the original,
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stand-replacing cohort. If these trees are dying as a result of long-term suppression
it could signify that young forest in this study is in a late stage of stem exclusion or
transitional between stem exclusion and demographic transition.

The lack of statistical significance between young and old forest for snags >
50 cm DBH was unexpected, particularly since old forest has many more trees in
this size range. Martin (1992) reported at least 3 snags/ha >60 cm DBH, while old
forest in this study had 1.47 snags/ha and young forest had none. However, as
measured, the number of snags > 50 cm DBH in this study were 1.56/ha in young
forest and 5.88/ha in old forest, with respective snag to live tree ratios of 0.088 and
0.12. The young forest value was similar to the 1.3 snags/ha > 50 cm DBH reported
for 90-100 year-old hemlock-northern hardwood forests in the Adirondacks
(McGee et al. 1999), though the northern forests are likely less productive, limiting
maximum tree and snag diameters. It is entirely possible that a Type II statistical
error resulted in an erroneous determination of no significant differences. However,
it may be that more time is needed to drive large snag formation at the level of old-
growth forest. Regardless, the nearly four-times greater density of snags > 50 cm
DBH in old forest seemingly conveys a biologically and ecologically important
difference between the two kinds of forest, as large snags provide habitat for a
variety of taxa that is lacking in forests limited to small-diameter trees and snags
(Harmon et al. 1986; Wathen et al. 1986; Goodburn and Lorimer 1998; White et al.
2001; Fan et al. 2003). As such, old second-growth forests are potentially more

valuable from a habitat perspective for snag and cavity-using species.

Crown Position and Illumination Index

The measures of crown position and illumination index show that the old
forest canopy had greater vertical and horizontal structural diversity than the young
forest, and is therefore more suggestive of old-growth forest conditions (Messier et
al. 2009). In the understory, the greater frequency in old forest of trees with
illumination indices of 2 and 3 indicates that more light is reaching the understory
through gaps in the canopy than in young forest. This increased variability in

understory light conditions is hypothesized to drive further stratification of the
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canopy as well as allow for increased species diversity through partitioning of a
greater number of environmental microsites (Messier et al. 2009).

Additionally, while the young forest overstory consisted entirely of
codominant trees, the old forest contained several dominant trees (55.6 dominant
trees/ha) extending above or standing apart from the general level of the canopy.
This value is greater than the 11 dominant trees/ha reported for Savage Gulf, a
similar, but old-growth forest on the Cumberland Plateau in Tennessee (Hart et al.
2012a).

The overall pattern with respect to canopy structure in the young forest in
this study is somewhat consistent with the demographic transition stage of forest
development, while the old forest appears more similar to the old-growth or multi-
aged stage of forest development (Oliver and Larson 1996; Frelich 2002). This
significant difference in structural complexity between old and young forests again
conveys a biologically and ecologically important difference, with increased
structural diversity in old, second-growth forests providing likely differences in

habitat and processional characteristics (Haney and Lydic 1999).

Basal Area and Density

Total basal area for both young and old forests (31.5 m2/ha and 41.0 m?/ha,
respectively) were well above the lower thresholds of 25 m2/ha suggested by
Martin (1992) and 10 m?/ha for the U.S. Forest Service Region 8 Guidance on Old-
Growth. By comparison, Hart et. al (2012a) found a total basal area for all stems > 5
cm DBH of 26 m?/ha in the upland old-growth oak-pine forests at Savage Gulf, in the
Cumberland Plateau in Tennessee. That both age cohorts meet or exceed lower
thresholds reported for old-growth forest is consistent with other published data,
and may suggest that basal area is not, in itself, a good indicator of old-growth
status. Goebel and Hix (1996) suggested as much, finding no differences in basal
area in a chronosequence of forests in southeastern Ohio ranging from 70 years to
presumed old-growth > 150 years, with values all around 25 m2/ha.

The data here, however, do suggest that stand-level basal increases with age,

with both old and old-growth forest basal areas greater than that found in young
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forest. In this case, old forest appears to have reached approximately the same basal
area as old-growth. The value of 41.0 m?2/ha for old forest is nearly identical to the
41.8 m2/ha for Lilley Cornett Woods in 2010, and toward the upper range value of
42.4 m?/ha for Lilley Cornett Woods reported by Martin (1992), who provided a
range of 20.6 m2/ha to 42.4 m2/ha across all community types in that forest.
Alternatively, it may be that the differences in basal area in this study are an artifact
of differences in site productivity. Despite having chosen sites to maximize
similarity in community type, the species distribution of canopy trees does suggest
the possibility that the pool of old sites may have skewed more mesic than mature
sites, affecting overall values (Figure 11). However, even if this were partly true, the
major differences here still suggest increasing BA, and therefore biomass, with time
well into old-growth phases of forest development, an observation now frequently
found globally (Luyssaert et al. 2008; Keeton et al. 2011).

As stated previously, basal area and tree density typically are inversely
related, with density decreasing and basal area increasing as stand development
proceeds (Runkle 2000; Frelich 2002). Therefore, the larger basal area found in old
forest should translate to a lower density of trees. Martin (1992) reported a range of
160 to 315 trees > 10 cm DBH/ha for mesic sites at Lilley Cornett Woods, while
Parker (1989) reported a range of 161 to 427 stems/ha > 10 cm DBH for the central
hardwood region. However, differences between young and old second-growth
forest here were nominal and not statistically significant (420 stems/ha > 10 cm
DBH in mature forest and 378 stems/ha > 10 cm DBH in old forest). Two possible
explanations are that 1) the difference is real, and that a Type Il statistical error has
occurred, or 2) the old forest plots were generally more productive, per the
discussion above.

Neither young nor old forest fits within Martin’s (1992) reported values for
Lilley Cornett Woods, though both fall within Parker’s (1989) range for Midwestern
old-growth forests. Notably, the 2010 Lilley Cornett data fits neither, with a density
of 536 trees/ha > 10 cm DBH, and Hart et. al (2012a) similarly reported 620
stems/ha >10 cm DBH at Savage Gulf. Both Lilley Cornett Woods and Savage Gulf

are old-growth forests on the Cumberland Plateau, yet both exhibit a density well
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over that for both young and old second-growth forests in this study. Hart et. al
(2012) suggested that the higher density in upland forests at Savage Gulf may be
driven by lower site productivity, but this does not explain the results for Lilley

Cornett Woods.

Diameter Distributions

When considering the distribution of diameters, it is useful to consider again
how diameter distributions tend to change with the progression of stand
development. After a stand-replacing disturbance, an initial peak in the lowest
diameter classes signals the initiation of the new canopy. During the stem exclusion
phase, a unimodal, leptokurtic peak gradually shifts toward the right with increasing
diameters and a concomitant decrease in density. This unimodal peak gradually
transitions to a platykurtic, or increasingly flat, distribution as inter-tree
competition and species’ life history traits play out in the spread of diameters
amongst same-aged trees. During demographic transition, the original peak
continues along its rightward and flattening trajectory, while a new cohort of
understory trees appears in the lower diameter classes to create a ‘compound DBH
distribution’ (Frelich 2002). Given sufficient time, the original peak disappears,
diameters reach a maximum for species and site constraints, and ongoing transition
in the understory continually moves trees in to larger diameters, resulting in a
reverse-J, inverse exponential diameter distribution.

The results in this study appear to present an illustrative chronosequence for
young, old, and old-growth forests with respect to diameter distributions and stand
development. The Lilley Cornett Woods 2010 data has the ‘quintessential’, smooth
reverse-], long-tailed diameter distribution extending into a low frequency of very
large diameter trees, extending up to 124.0 cm, and reflect well the expectations of
an old-growth diameter distribution.

By contrast, the diameter of young forest trees did not reach beyond 55.6 cm,
which was less than half that of the old-growth forest, and exhibited a secondary
peak around 30 cm DBH in an otherwise truncated, reverse-] distribution. This

secondary peak suggests the initial, 70-90 year old stand-replacing cohort having
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increased in diameter and decreased in frequency, as suggested by the model. It is
worth noting here that the dendrochronological analysis shows that many of the
trees in the 10 cm and 20 cm DBH cohorts were of the same age as those of larger
diameters, and exhibiting suppression. The peak in small diameter trees at the left of
the distribution (2.5 cm and 10 cm cohorts, though particularly the former) may
appear to suggest that a new cohort of trees has developed in the understory,
though without age data in these size classes it is impossible to say whether these
small trees represent regeneration in the understory or long-term suppression.
Further dendroecological investigation of small diameter trees in these forests could
be illuminating. The compound DBH distribution exhibited suggests that these 70-
90 year old forests are in the demographic transition, or understory reinitiation,
phase of stand development (Oliver and Larson 1996, Frelich 2002), but again this
cannot be confirmed without a better understanding of the ages of small trees and
saplings.

The diameter distribution for the old second-growth forest appears
intermediate between young and old-growth forest, with a maximum diameter of
88.9 cm and a near reverse-J distribution with a slight plateau in the 20 cm and 30
cm diameter classes. The location of this plateau suggests that, unlike the young
forest, this is not a remnant of the stand initiating cohort. If a signal from the stand-
initiating cohort was visible, it would most likely be centered on a higher range of
diameters. A plausible explanation is that the plateau is a result of the merging of
distributions of both the stand-initiating cohort and the secondary peak associated
with demographic transition, resulting in an increased density of trees in this
diameter range. However, it may also represent an episode of low or intermediate
disturbance (Lorimer and Frelich 1984; Leak 1996), which would be consistent with
the peaks in recruitment from about 1890-1909 and then 1920-1929 seen in the
dendrochronological analysis.

While the appearance of a trend in the 2.5 cm diameter cohort of increasing
density with age proved statistically insignificant, the pattern may warrant further
investigation. It could suggest a transition from the understory reinitiation or

demographic transition phase into the multi-aged or old-growth phase of stand
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development. While greater number of seedlings and saplings in the young forest
noted previously implies a greater capacity for advance regeneration than in the old
forest, an alternative hypothesis is that the increased understory light conditions
observed in old forest are allowing more seedlings and saplings to advance into
larger diameter cohorts, thus decreasing the bank of seedlings and saplings. While
speculative, this would be a logical extrapolation from what is generally understood
about forest development.

Notably, while trees in the old second-growth forest were not as large as
some of those inventoried at Lilley Cornett Woods, the density of large trees > 75 cm
DBH was 16.7 tree/ha, which is greater than the minimum density 7 trees > 75 cm
DBH/ha suggested by Martin (1992) as a minimum for old growth, mesic forests, as
well as that for mixed mesophytic forest in the Region 8 Guidance (USDA Forest
Service 1997). Large tree density surpassed substantially the threshold for dry-
mesic oak communities in the Region 8 Guidance, with 66.7 trees/ha > 50 cm. The
presence of these large trees could convey differences in habitat suitability for a
number of vertebrate species, particularly cavity users (Harmon et al. 1986; Wathen
et al. 1986; Goodburn and Lorimer 1998; White et al. 2001; Fan et al. 2003).
However, the effects of site productivity on tree size cannot be stressed enough.
Hart et. al (2012a) reported only 1 tree > 75 cm DBH /ha in the upland forests at
Savage Gulf, despite its being an old-growth forest. This relatively low maximum
threshold is likely a result of the forest’s modest productivity.

Both Frelich (2002) and Oliver and Larson (1996) suggest that the multi-
aged or old-growth stage of development only occurs after few or all remnants of
the stand initiating cohort no longer remain. However, it appears in this study that a
forest can develop a reverse-] distribution approximating an old-growth
distribution prior to the loss of the stand initiating cohort. In the case of the old
forest cohort, this could be explained, in part, by the multi-age distribution that I
attribute to incomplete initial disturbance followed by periods of low or
intermediate severity disturbance. However, the young forest was predominantly
even-aged, and yet still approximated the reverse-] distribution seen in the old-

growth forest. It may be that, in some forests, the reverse-] diameter distribution is
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approached through the interplay of competition and species-specific growth
characteristics, with absolute age and canopy turnover less important.

Perhaps the most significant difference in this study between the young, old,
and old-growth diameter distributions is the presence of the long-tail of especially
large-diameter trees in the old-growth forest, albeit at low frequencies. It may be
that after 140-160 years, forests in the study area are able to develop a continuous
distribution of diameters, and a significant density of trees > 75 cm DBH, but have
yet to reach a full distribution of potential maximum size classes, while young forest
(70-90 years) has yet to develop trees in this diameter range. This suggests that
managed forests could potentially retain or more rapidly recover an old-growth
type diameter distribution through the retention of at least some large canopy trees

that will be able to move into the largest diameter classes as the forest recovers.

5.2 OAK AND MAPLE DYNAMICS

The pattern of oak (Quercus spp.) dominance in the overstory and seemingly
attendant dominance of maple (Acer spp.) in the understory has been widely
observed across the eastern deciduous forest (Lorimer 1984; Abrams 1992;
McEwan et al. 2010), and is apparent in this study. Across all plots for both age
groups, oaks were the predominant species in the canopy (codominant and
dominant), while maples were nearly absent. In the overtopped crown position,
maples were the predominant species with very few oaks present, while in the
intermediate layer, oaks and maples were about equal in the young forest with
nearly all maples in the intermediate layer for old forest. Both young and old forest
had more maple than oak saplings, and old forest had more maple than oak
seedlings, while young forest exhibited no difference between maple and oak
seedlings.

While the above implies an overall pattern of shifting recruitment and
dominance with time, the dendrochronological analysis reveals more complex and

nuanced patterns. Oak recruitment peaks with both age groups around the period of
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stand initiation, and continues in an episodic fashion in the old forest from 1900
through 1940 and through the 1950s in young forest. However, whether the post-
regeneration, episodic recruitment of oaks is related to natural disturbance,
selective logging, or is independent of disturbance is unclear from the data.
Regardless of the initiator, the timing suggests that intense disturbance may be an
important aspect of successful oak recruitment.

In the young forest, most red maples (A. rubrum) recruited synchronously
with the oak overstory, but have remained suppressed, with diameters of all but one
maple used in the dendrochronological analysis ranging between 10 cm and 20 cm
DBH. In contrast, oaks of the same generation have maintained canopy dominance
and added girth accordingly. The peak of red maple recruitment in young forest
around 1930 aligns closely with the peak for this species detected in old forest
during the same period of time, suggesting that the peak influx of maple is not
correlated with time since disturbance, but instead other exogenous factors.

Most commonly, this synchronous influx of red maple recruitment is
attributed to the beginning of fire suppression policies. A shift from the long-held
cultural practice of burning forests began in 1912 with the establishment of the
Kentucky Division of Forestry, which soon began implementing a policy of fire
control (Kentucky Division of Forestry 2010). However, after initial progress, a lack
of funding through the 1920s halted advancement in fire suppression and other
activities by the Kentucky Division of Forestry until the 1930s (Kentucky Division of
Forestry 2010; Blankenship and Arthur 1999). The federal government made fire
suppression a national policy with the passage of the Clarke-McNary Act in 1924,
which tied federal appropriations to requirements that states adopt fire-
suppression policies (Stephens and Ruth 2005).

The oldest red maple in the young forest dates to 1924, aligning with passage
of the Clarke-McNary Act, though the oldest red maples in the old forest date to
1916 and 1921, just prior to the recognized period of fire suppression. Cooper
(2011) and Tackett (2012) show the period of red maple recruitment in various old

and old-growth forests around the Cumberland Plateau predating the period of fire
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suppression, with red maples initiating as early as the 1860s. It may be that the
peak influx of red maple is attributable to something other than fire suppression.

In the old forest, sugar maple (4. saccharum) followed a different pattern
from red maple, with most recruitment between 1891 and 1910, followed by
another flux of recruitment in the 1930s. McEwan et al. (2010) reported that, prior
to 1900, climatic conditions in the central portion of the Eastern Deciduous Forest
shifted to a pattern of increasing moisture availability and reduced drought
compared to the previous several hundred years. This pattern of increasing
moisture is now seen all across the Eastern Deciduous Forest (Pederson et al. 2012).
As both red maple and sugar maple are associated with more mesic conditions than
oaks, it is possible that the influx of maples is partly driven by increasing moisture
availability.

The dendrochronological and canopy analysis in this study shows that
maples recruited after the 1930’s have, in large part, failed to advance in their
development from seedlings and saplings into understory or midstory trees. Despite
the relative abundance of maples in the seedling and sapling layers in both mature
and old forest, some combination of conditions in both ages of forest studied appear
to be suppressing the development and growth of maples in all stages of
development.

Maples, and especially red maples, have been predicted to eventually attain
canopy dominance (Lorimer 1984; Hart et al. 2012b). In this study, illumination
indices show that maples are in a position to take advantage of increased light
conditions in the understory in old forest stands (index ratings 2 and 3). Through
the process known as ‘disturbance-mediated accelerated succession,’ the
successional transition toward dominance of increasingly shade-tolerant species
can proceed more rapidly in the presence of disturbance, whereby shade-tolerant
trees are released and attain codominant or dominant status (Abrams and Scott
1989). Hart et al. (2012b) found that 61% of red maples in the canopy at Savage Gulf
originated in gaps and reached the canopy without exhibiting periods of
suppression. However, only 24% of red maples established in the understory and

reached the canopy after one or more gap releases. For trees following this strategy,

73



the mean age of trees upon ascent to the canopy was 20 years, with the longest
duration suppressed in the understory being 71 years. In my study, the two oldest
red maples were a 92 year old, 17.5 cm DBH tree with an intermediate (I) crown
position and illumination index of 2 (receiving some lateral light exposure) and an
89 year old, 13.4 cm DBH tree with an overtopped (0) crown position and
illumination index of 1 (no direct light exposure), suggesting that red maple can stay
in the lower strata of forests for nearly a century. It may be that small-scale, gap
creating disturbances will produce the necessary conditions to release maples from
their currently suppressed state and allow them to eventually attain canopy
dominance. However, it is not clear how long red maples can persist in a suppressed
state in the understory. Since many oaks can live for 300 to 500 years, in the
absence of widespread disturbance, it might be that red maples will continue to be
relegated to suppressed understory status and could eventually drop in importance
as individuals decline due to insufficient resources.

The concept of the ‘storage effect’ suggests that long-lived species with high
adult survival rates can maintain their status in a community despite having only
infrequent periods of successful reproduction (Warner and Chesson 1985). Recent
dendroclimatalogical reconstructions suggest that, prior to the twentieth century,
eastern North America was subject to longer and more extreme droughts (Pederson
et al. 2012). While Lorimer (1984) determined that drought was not sufficient to
induce decline in red maples relative to oaks, his results were based on the
northeastern drought of 1962-1966. Pederson et. al (In Press) showed that this
drought event was relatively short in duration and buffered by unusually wet
periods before and after, compared to the more frequently dry centuries from
1500-1899. As such, it may be that oak recruitment and maple decline are
promoted through dry climatological conditions that would otherwise be
considered exceptional by twentieth century standards, and that oaks maintain
dominance in the interim by suppressing maples through their longevity and
relative resilience to drought.

Further, because of the association between dry climatological conditions

and fire regimes (Lynch and Hessl 2010; Lafon and Quiring, 2012), it stands to
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reason that the above proposed mechanism for oak persistence and dominance
would include fire, as suggested by the oak and fire hypothesis (Abrams 1992). And
while severe drought conditions can cause decline in oaks, particularly the red oak
group (Erythrobalanus subgenus)(Hursh and Haasis 1931), some level of canopy
mortality from drought stress, fire, and other causes may be necessary for fire to be
effective in promoting oak establishment and recruitment (Arthur et al. 2012).
Therefore, while the data for this study with respect to oak and maple
dynamics reflect similar patterns observed in the Cumberland Plateau and
elsewhere, the long-term trajectory will likely depend on climatological and other
disturbance factors over the coming decades and centuries, and could result in
continued oak dominance, a transition to maple dominance, or a more mixed canopy

inclusive of both genera.

5.3 PROSPECTS FOR OLD-GROWTH RECOVERY

The results of this study suggest that older second-growth forests in the
Cumberland Plateau region of Kentucky are developing characteristics reminiscent
of old-growth forests, and, in the absence of major disturbance, will continue to
more closely approximate old-growth forest conditions in the coming decades.
While Kentucky has more than 5 million ha of forest, 78% is owned by private
individuals with 46% in patches < 400 ha (Kentucky Division of Forestry 2010).
Conversion of forest land to other uses leads to a loss of more than 40 ha per day,
while logging to meet economic or other purposes continues to impede the
development of old-growth structure across much of the state (Kentucky Division of
Forestry 2010). However, several public and private land-holdings in Kentucky offer
substantial opportunities for the recovery of old-growth structure and function at
the landscape scale. The following represent some of the more prominent examples,

though others certainly exist.
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Daniel Boone National Forest

The Daniel Boone National Forest (DBNF) offers the greatest opportunities
for recovering old-growth in Kentucky. Of the 286,000 ha of forest in the DBNF,
68,818 ha, or 24%, is inventoried as over 100 years old (USDA FS 2009) and could
develop substantial old-growth structure and function over the coming decades.
While most of the national forest is managed under a “multiple use” program that
includes commercial logging for a variety of economic and ecosystem goals (USDA
FS 2004), opportunities clearly exist to recover a suite of old-growth characteristics
at multiple scales should this become a management priority.

Currently, the Old-Growth management prescription (1.I) in the DBNF Forest
Plan includes 6,248 ha (15,440 ac) designated for the development of old-growth
characteristics. These allocations include primarily mature second-growth forest
with some young third-growth areas clearcut in the past 30 years. Designated
Wilderness, where logging is strictly prohibited, represents 7,057 ha (17,437 ac),
and includes the Clifty Wilderness (approximately 4,850 ha) and Beaver Creek
Wilderness (approximately 2,020 ha). The national forest also includes one
Research Natural Area (RNA), Rock Creek RNA, and two proposed RNA’s, Tight
Hollow and Right Fork of Elisha Creek, which total 266 ha and are off limits to
logging. Several other smaller areas and corridors exist where logging is limited or
prohibited, including several designated and proposed Wild and Scenic River

corridors, recreational areas, and buffers around cliffline.

Kentucky State Nature Preserves and Natural Areas

The Kentucky State Nature Preserves Commission (KSNPC) manages nearly
7,600 ha on 45 forest reserves for the purpose of protecting rare species and natural
communities in Kentucky (Kentucky Division of Forestry 2010). Managed primarily
for preservation and permanently protected from logging, many of these forests
hold potential for recovering old-growth in the future. Further, some forests
managed by KSNPC contain remnant or extant old-growth, including Blanton Forest,

Kentucky’s largest existing old-growth forest.
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Kentucky Natural Lands Trust

The Kentucky Natural Lands Trust (KNLT) is a privately held land trust
“committed to preserving, restoring and connecting the state’s remaining
wildlands.” While active in conserving forests throughout the state, the main focus
of KNLT is the Pine Mountain Wildlife Corridor, which seeks to connect existing
protected forests on Pine Mountain and create a contiguous forest corridor along

the 193 km mountain ridge, including Blanton Forest.

Bernheim Arboretum and Research Forest

Bernheim Arboretum and Research Forest is a 5,665 ha holding including
4,856 ha of forest in Bullitt County, Kentucky. It is one of the largest blocks of
protected forest in the western portion of Kentucky and is managed for educational
and research purposes. Because of its large size and preservation emphasis,
Bernheim offers one of the greatest opportunities for old-growth recovery at a

landscape-scale in west-central Kentucky.

Robinson Forest

Robinson Forest is a nearly 6,000 ha research forest in Breathitt, Knott, and
Perry Counties, Kentucky, managed by the University of Kentucky. A mostly mature,
second-growth forest, parts of Robinson Forest have been subject to surface mining
and logging in recent decades. While the forest is not managed under an ethic of
preservation, its size and ownership could allow for the long-term study of the
redevelopment of old-growth characteristics under active and passive management

approaches in a region heavily impacted by surface mining and logging.

Land Between the Lakes

Land Between the Lakes National Recreation Area (LBL), also called Land
Between the Rivers by former residents, is a nearly 70,000 ha peninsula in western
Kentucky bound by impoundments on the Cumberland River (Lake Barkley) and the

Tennessee River (Kentucky Lake). It is the second-largest public land holding in
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Kentucky and is managed by U.S. Forest Service under a multiple-use mandate

similar to that of the Daniel Boone National Forest, with an emphasis on recreation.

Mammoth Cave National Park

Mammoth Cave National Park is a 21,380 ha national park along the Green
River in central Kentucky, in Edmonson, Hart, and Barren Counties. The forest is
mostly mature second-growth, with some old-growth remnants, most notably the
Big Woods. Logging is prohibited in National Parks, though prescribed fire has been

introduced as a management tool.

Big South Fork National Recreation Area

Big South Fork National Recreation Area is a 50,710 ha area of forest on the
Cumberland Plateau including portions of Tennessee and Kentucky. The forest is
mostly mature second-growth forest characteristic of the Cumberland Plateau. As
with Mammoth Cave National Park, logging is prohibited though prescribed fire is

used for management.

5.4 SILVICULTURE FOR OLD-GROWTH CHARACTERISTICS

While this study focused on the development of old-growth characteristics
with time, an emerging body of research is looking at adapting silvicultural methods
to mimic or accelerate the development of some old-growth forest characteristics in
second-growth forests (Runkle 1991; Lorimer and Frelich 1994; Keeton 2006;
Bauhus et al. 2009). Generally, these approaches to old-growth structural
development differ from traditional uneven-aged management or selective
harvesting approaches. While long-term studies in this field are still lacking, Keeton
(2006) proposed a suite of silvicultural techniques termed structural complexity
enhancement (SCE) (Table 4). Early implementation of SCE treatments as part of the
Vermont Forest Ecosystem Management Demonstration Project suggest that SCE

can more rapidly increase CWD volume, large tree recruitment, and total basal area
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Table 4: Structural objectives and corresponding silvicultural techniques used to

promote targeted old-growth characteristics in structural complexity enhancement

(SCE).
Structural objective Silvicultural technique
Vertically differentiated canopy e Single tree selection using a target
diameter distribution
e Release advanced regeneration
e Regenerate new cohort
Elevated large snag densities e  Girdling of selected medium to large
Elevated downed woody debris densities and sized, low vigor trees
volume e Felling and leaving trees, or
e Pulling over and leaving trees
Variable horizontal density, including small e Harvest trees clustered around “release
canopy gaps trees”
e Variable density marking
Re-allocation of basal area to larger diameter e Rotated sigmoid diameter distribution
classes e High target basal area
e Maximum tree size set at 90 cm dbh
Accelerated growth in largest trees e Full and partial crown release of
largest, healthiest trees

Source: Keeton, W.S. and A.R. Troy. 2006. Balancing ecological and economic
objectives while managing for old-growth forest characteristics. Pages 21-
33 in: L. Zahoyska, editor. Ecologisation of economy as a key prerequisite for
sustainable development. Proceedings of the international conference, Sept.

22-23, 2005, Ukrainian National Forestry University, L’viv, Ukraine.
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and above-ground biomass than passive treatments alone (Keeton 2006). While
forests in the Vermont Forest Ecosystem Management Demonstration Project are
characteristic of northern hardwood forests and generally composed of more shade-
tolerant species than those typical of the Cumberland Plateau, I suggest that SCE
could be modified for forests in the study area to facilitate oak recruitment by
incorporating group selection harvests targeted in forest patches with ample
advanced oak regeneration. Mimicking gap-scale natural disturbance in a limited
and highly targeted manner would fall within the range of disturbance intensities
consistent with developing and maintaining old-growth structure while assisting in
the regeneration and recruitment of oaks and other shade mid-tolerant species.
The advantages of applying SCE or similar silvicultural approaches may be
moot for forests within or approaching the 140-160 year age range of old forests in
my study, since these forests have largely developed the targeted characteristics on
their own with time. However, in the absence of low or intermediate intensity
natural disturbance (which may advance structural development without human
intervention), appropriate management of young forests (i.e., 70-90 years old, or
thereabouts), could accelerate the development of important old-growth
characteristics while allowing for an economic return that may make it a viable
management option for some land owners and managers (Keeton and Troy 2006).
Still, the potential negative impacts of logging should be weighed in any
management consideration. While studies similar to the Vermont Forest Ecosystem
Management Demonstration Project are not apparent in the Central or Southern
Appalachian region, such experiments could be worthwhile in an effort to bridge the

often competing goals of forest preservation and economic return.
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6. CONCLUSION

The results of this study confirm models and observational evidence that
many of the structural characteristics associated with old-growth forest can and do
return to forests given time. With more large trees, large snags, coarse woody
debris, and a more complex canopy and age structure, the oldest second-growth
hardwood forests in the Cumberland Plateau of Kentucky are developing a suite of
characteristics reminiscent of old-growth forests that make them distinguishable
from younger and more abundant 70-90 year-old forests that are frequently seen as
having reached their maximum potential from a silvicultural perspective.

With the recovery of old-growth structure and function eminently possible,
the prospects for old-growth recovery in Kentucky and elsewhere are ultimately a
social phenomenon. Whether or not we allow or assist the redevelopment of this
once-prominent suite of forest conditions on the landscape will depend largely on
the degree to which old-growth forests are seen as valuable to both forest managers
and the broader public, and the extent to which we are able to balance the utilitarian
ethic that dominates forest management today with a preservationist vision of the

return of the Great Forest.
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Bat populations face numerous threats, including the loss of forests in which they roost and forage. Present-day
forests are commonly managed for timber harvesting, recreation, and wildlife. Understanding bat responses to
forest management is crucial for balancing the conservation of endangered bats and forest restoration. We used
radio telemetry to study nocturnal movements and habitat selection patterns of female and juvenile bats of two
forest-dependent, federally listed bat species in an oak-dominated managed forest. We estimated foraging space
use and assessed habitat selection for 33 northern long-eared bats (Myotis septentrionalis) and 25 Indiana bats
(Myotis sodalis) from May to August 2014-2017 in south-central Indiana, USA. Myotis septentrionalis space use
averaged 176 ha and bats selected water, historic thinning, and patch cuts (<4 ha) over other habitats, with all
but one bat avoiding larger openings (>4-ha clearcuts). Myotis sodalis space use averaged 343 ha and bats
selected 4-ha patch cuts, historic openings, and historic thinning over other habitats. In contrast to
M. septentrionalis, one-third of the M. sodalis foraged over larger clearcuts, while two-thirds foraged over smaller
openings and thinnings. We showed that bats were attracted to small regeneration harvests of varying structural
ages. Forests maintained for a mix of mature stands, thinned stands, shelterwoods, small regenerative cuts (<7
ha), and small water sources should provide suitable foraging habitat for these endangered Myotis species, while

also promoting forest regeneration.

1. Introduction

Bat populations face numerous threats worldwide. Loss of habitat is a
major threat shared by nearly all bats (Frick et al., 2019) and, in North
America, many bats are experiencing population-level declines due to
white-nose syndrome (Frick et al., 2015). Globally, many bat species are
dependent on forests for habitat during some portion of the year and
forest management could impact habitat suitability or availability (Law
etal., 2016). Alternatively, forest management could also benefit bats by
creating roosting and foraging opportunities (Wright et al., 2021). Ef-
fects of forest management vary across bat species with different eco-
morphological adaptations and with the degree of overstory removal
(Loeb, 2020). Understanding bat responses to silviculture is crucial for
balancing the conservation of imperiled bats and forest restoration
(Russo et al., 2016).

Our study focuses on the federally endangered Indiana bat (Myotis

* Corresponding author.

https://doi.org/10.1016/j.foreco.2021.119757

sodalis) and federally threatened northern long-eared bat (Myotis sep-
tentrionalis), which are sympatric in oak-dominated forests of the Central
Hardwoods region (Loeb and O’Keefe, 2011). This region has a diverse
assemblage of oaks, which support diverse wildlife, insect, and plant
communities; however, sustaining oak forests requires active timber
management such as harvest and prescribed fire (Fralish 2004). During
the non-hibernation season (April to September for M. sodalis, (Pettit
and O’Keefe, 2017), reproductive females and pups roost in large dead
or damaged trees (Lacki et al., 2009; Drake et al., 2020), including oaks
and hickories (Bergeson et al., 2018; Bergeson et al., 2021). Roost solar
exposure is important for energetic savings and pup growth, so forest-
dwelling bats select tall trees with open canopy (Kalcounis-Riieppell
et al., 2005), conditions achieved by senescence of mature trees or by
disturbance factors like fire, silviculture, wind, insects, and flooding
(reviewed by (O’Keefe and Loeb, 2017). Myotis sodalis and
M. septentrionalis are most likely to select roosts in or near continuous
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forest (Carter and Feldhamer, 2005; Pauli et al., 2015a), possibly for
access to preferred foraging habitat. Although roosting habitat is critical,
roosting and foraging areas are linked (Brigham, 1991; Whitaker, 1994),
and we should consider the entire spatial footprint of roosting (roost to
plot scale) and foraging (stand to landscape scale) areas in habitat as-
sessments (Pauli et al., 2015b; Perry, 2011).

Both M. sodalis and M. septentrionalis are more likely to occur in
closed canopy forest (Ford et al., 2005) and thus may respond negatively
to large regeneration harvests (e.g., as predicted by Loeb, 2020); how-
ever, they may respond positively to fine-scale disturbances within
larger forest patches (e.g., Loeb and O’Keefe, 2006). Both species are
small (<8 g), with high-frequency echolocation calls and low wing
loading, which facilitates foraging in cluttered, closed-canopy hardwood
forests (Owen et al., 2003). An understanding of how these species
forage in heterogeneous forests requires landscape context, as demon-
strated by acoustic surveys in the Central Hardwoods region of USA
(Caldwell et al., 2019; Pauli et al., 2017; Starbuck et al., 2015). Although
such acoustic studies have provided valuable data on bat activity in
forested landscapes, they lack fine-scale resolution on the variability in
space use or habitat selection between individuals. In contrast, radio
telemetry is specific to individual bats and, with sufficient sampling, can
yield data for quantifying habitat preferences (Miller et al., 2003).

Radio telemetry demonstrates that M. sodalis and M. septentrionalis
forage mainly in forested areas, including areas with low levels of active
timber management (Table S1; Lacki et al., 2009; Owen et al., 2003).
Individuals respond to management that reduces forest clutter—e.g.,
M. septentrionalis forage closer to burned areas after prescribed fires in
pine-hardwood forests (Lacki et al., 2009) and prefer thinned stands in
northern hardwood forests (Owen et al., 2003). With data quantified
from known individuals, we can better assess the variability in space use
and habitat selection to inform management practices that can consider
different foraging strategies. Currently, we lack large, multi-year data-
sets on individual behaviors and comparable data for these two species
in the same landscape; thus, we may base management decisions only on
the most commonly observed foraging behaviors across species. We
expect different responses to forest management for the two species, as
M. septentrionalis have foraging ranges an order of magnitude smaller
than M. sodalis (Table S1). In this study, we define a foraging range as
the space used by a bat while roosting and hunting insects in summer
habitat, in contrast to the more ambiguous term ‘home range’ that
should also include migratory pathways and winter habitat.

We conducted a 4-year study using radio telemetry to track in-
dividuals of both species, focusing on adult females, as they foraged over
mixed-oak forests managed with thinning, patch and shelterwood cuts,
prescribed fire, and small clearcuts. Our goal was to identify common-
alities and quantify differences in foraging space use and habitat selec-
tion to yield information on the effects of forest management practices
on both species.

2. Materials and methods
2.1. Study site

We worked across an 18,000-ha area (Fig. S1) mostly including
Morgan-Monroe and Yellowwood state forests in south-central Indiana,
USA. State forests were managed by the Indiana Department of Natural
Resources (INDNR); a 25.1 ha inholding was managed by The Nature
Conservancy (TNC). Elevation ranged from 540 to 970 m. Dominant
overstory tree species included white and red oaks (Quercus alba, Q.
montana, Q. velutina, Q. rubra), hickory (Carya spp.), and other hard-
woods. The midstory was mainly sassafras (Sassafras albidum), elms
(Ulmus spp.), maples (Acer spp.), and American beech (Fagus grandi-
folia). Nearby agricultural areas contained row crops or hay/pasture,
and developed areas included sparse buildings and paved roads. There
were few perennial and intermittent streams, which dried by mid-
summer; 73 human-made ponds (~0.2 ha each, widely distributed
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across space) were the primary water sources for bats.

The larger landscape consisted of mostly intact forest intermittently
treated with single-tree selection harvest (91% of landscape; Bergeson
et al., 2018). For some of the forest, INDNR applied regenerative har-
vests such as group selection cuts, patch cuts, clearcuts, and shelter-
woods. However, most state forest acreage is harvested via thinning and
improvement harvests (Haulton, 2013). Embedded within state forest
land were nine 81-ha units (Fig. S1, mix of controls and harvest treat-
ments) delineated for the Hardwood Ecosystem Experiment (HEE)
project, a collaborative 100-year project studying social and wildlife
responses to timber harvesting (see Kalb and Mycroft, 2013).

From 15 May to 31 July 2014-2017, daily air temperature ranged
from 3.9 to 35.0 °C with a mean minimum of 15.6-16.6 °C and mean
maximum of 26.6-28.3 °C. Total precipitation during each sampling
period was 324 mm in 2014, 410 mm in 2015, 342 mm in 2016, and 273
mm in 2017 (NOAA station GHCND:USC00120784 in Bloomington,
Indiana, USA).

2.2. Bat capture and radio telemetry

From May to August 2014-2017, we captured bats near ponds,
streams, or unpaved roads. We recorded species, sex, age, and repro-
ductive condition, and banded bats with aluminum forearm bands (2.9
mm; Porzana, Ltd., East Sussex, UK). Sampling was conducted under
federal and state permits, following recommended guidelines (Sikes
et al.,, 2016) and institutional animal care and use protocols (Indiana
State University # 559972-1:JO, Ball State University # 109929-5). All
equipment was decontaminated nightly (USFWS, 2018).

We used surgical cement (Perma-Type, Plainville, CT, USA) to attach
radio transmitters (0.25-0.35 g Blackburn, Nagadoches, TX, USA—or
similar) between the scapulae of 38 M. sodalis and 57 M. septentrionalis.
Most bats were adult females except for three juvenile female
M. septentrionalis and two juvenile M. sodalis. We assumed that juvenile
bats selected habitat similar to intraspecific adult females, regardless of
sex, for local enhancement of foraging. Tags weighed < 5% of body mass
(Aldridge and Brigham, 1988) and stayed attached 1-23 days. We
searched for roosts daily (see Bergeson et al., 2018), and tracked bats at
night for four hours post-emergence. We positioned 3-5 trackers with
receivers (Advanced Telemetry Systems, Isanti, MN, USA) and 5-
element yagi antennas on ridgetops ~ 500-900-m apart, collecting
azimuths in the direction of the strongest signal for 2-3 bats/night every
2-5 min (>5 min intervals per bat). When bats were stationary in roosts
before emergence, we estimated an average linear triangulation error of
239 m (n = 84 tests; 340 m in 2014, 159 m in 2017).

2.3. Foraging space-use estimation

We calculated maximum likelihood estimates for foraging locations
using 2-5 contributing azimuths in LOAS 4.0 software (Sallee et al.,
2010), only using bi-angulations when crossing azimuths resulted in
angles 45-135°. We used an R script (Supporting Information) to create
kernel density estimates (KDEs) with a cross-validated smoothing
parameter (Horne and Garton, 2006) and interpolated foraging ranges
for bats with > 30 relocations in Geospatial Modeling Environment
software (Beyer, 2012); this process incorporated sampling and spatial
errors across a probability density surface, with a focus on foraging re-
locations in close proximity rather than treating each relocation inde-
pendently. In ArcMap 10.7 (ESRI, Redlands, CA, USA), we measured
space use within polygons corresponding to 50% core-use and 95%
foraging-extent KDEs. We tested for second-order habitat selection
within 95% KDEs relative to land cover availability in the overall pop-
ulation foraging extent (Thomas and Taylor, 2006). For each species, the
foraging extent was two disjunct polygons, one per state forest (Fig. S1);
each polygon covered the species’ roosting area buffered by the mean
maximum foraging distance for that species (all bats tracked in this
study: 2.0 km for M. septentrionalis, 2.9 km for M. sodalis). We assumed
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individual bats were capable of foraging at least as far away from roosts
as the mean observed distances. We used Wilcoxon ranked sum tests to
compare non-normal maximum distances traveled and 95% foraging
range size between species.

2.4. Converting land cover to available foraging habitat types

To create annual habitat maps, we reclassified annual 30-m? Na-
tional Agriculture Statistics Survey layers into four categories: water,
developed, agricultural, and forested. We converted vector layers for
forest ponds and timber harvest areas, from INDNR, TNC, and HEE, to
30-m raster cells. Divoll (2020) describes GIS data processing in more
detail, and final foraging land cover categories are in Table 1. In most
cases, regenerative treatments were assigned to patch cut, clearcut, or
historic opening categories. Traditionally, shelterwoods are considered
regenerative; however, during our study, they were in early stages that
more structurally resembled a thinning or selection harvest and, thus,
we included them in recent thinnings (Table 1). We assumed manage-
ment treatments in each category were coarsely similar in structural
density, height, and canopy closure, as potentially perceived by foraging
bats. We equated these land cover types with potential foraging habitats
that bats may choose from and, therefore, refer to them as habitats. We
developed six habitat availability layers for each species; one for each
state forest in each of three periods: 2014/2015 (no major landscape
changes between years), 2016, and 2017.

We quantified availability of habitats at the population level,
assuming all animals in a population had access to the same area (Design
2; Thomas and Taylor, 2006). To test for habitat selection, we used a
weighted compositional analysis (Millspaugh et al., 2006) with foraging
density values (95% KDEs) and the habitat types in Table 1. We summed
values of each habitat type and derived proportions of habitats available
to bats during each period. We used a Python 2.7 script (Supporting
Information) to sum foraging density values per bat per habitat and
calculated proportions used by each bat, assuming more importance in
habitats with greater density of foraging (Millspaugh et al., 2006).

2.5. Habitat selection analyses

We took a multifaceted approach to test for intra-specific consistency
and population-level habitat selection (adehabitatHS package in R;

Table 1
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Calenge, 2011; R Core Team, 2018). We first used an eigenanalysis to
measure intra-specific variation in habitat selection (Calenge and
Dufour, 2006; Nelson and Gillam, 2017). We visually compared patterns
among individuals with a Principal Components Analysis (PCA) plot of
the first two factorial axes. Individuals in close proximity were assumed
to exhibit similar foraging behaviors, whereas clustering along more
than one PCA axis indicated different intra-specific foraging behaviors.
Next, we used a Wilk’s lambda statistic to establish overall population-
level selection relative to respective habitat availability. Finally, we used
multivariate analysis of variance with log-odds ratios to rank species-
level habitat selection (Aebischer et al., 1993).

3. Results
3.1. Radio telemetry

Bats were captured at forest ponds or over two-track roads. We ob-
tained 30-114 relocations for 33 M. septentrionalis over 1-6 (3.1 £+ 1.3)
nights and 30-129 relocations for 25 M. sodalis over 1-6 (3.4 £+ 1.2)
nights (Table 2). M. septentrionalis proved easier to track (84% trian-
gulation success rate) compared to M. sodalis (69% success rate).

3.2. Foraging ranges and space use

Kernel density estimates (95%) for M. sodalis s (343 + 70 ha) were
nearly double the size of 95% KDEs for M. septentrionalis (176 + 25 ha;
Wilcoxon test, P = 0.02; Table 2). Myotis sodalis also traveled farther
from roost trees to forage, averaging 2.9 km versus 1.6 km for
M. septentrionalis (Wilcoxon test, P < 0.05). Differences in space use
between species were consistent across reproductive periods, with
lactating bats traveling the furthest. However, the maximum observed
foraging distance from a roost was 5.6 km for a post-lactating M. sodalis
and 3.4 km for a pregnant M. septentrionalis. Most (99%)
M. septentrionalis roosts were within 95% KDE foraging areas and 68%
were in 50% KDE core use areas; in contrast, only 60% of M. sodalis
roosts were located inside 95% KDEs and 18% were in 50% KDEs. Thus,
M. sodalis tended to forage away from roosts, whereas M. septentrionalis
foraged proximal to roosts (Fig. 1).

Derived habitat categories for habitat selection analyses. Percentages available to bats were calculated from the sum of cells in each habitat category, averaged across
populations sampled across two areas and over four years. We did not calculate agricultural, developed, and water patch areas due to their irregular shapes and high

variability.
Habitat Cutting Patch size Treatment Structural description Percent available to Percent
category age (yrs) (ha) Myotis available to
septentrionalis Myotis sodalis
Patch cut <10 0.08-4.04 Small regenerative harvests Canopy open; high stem volume removal;  1.08 0.86
low to moderate regrowth height;
vertical edge
Clearcut <10 4.05-7.08 Large regenerative harvests Canopy open; high stem volume removal;  0.05 0.18
low to moderate regrowth height;
vertical edge
Historic >10 0.4-5.6 Historic regenerative harvests Open at high canopy, with developing 1.04 0.59
opening subcanopy from regeneration; high stem
volume removal; tall regrowth; vertical
edge
Recent <10 0.4-105 Mostly non-regenerative; includes Canopy intact to partially open; low to 6.52 4.33
thinning thinning/single-tree selection, early moderate stem volume removal
shelterwood stages, fire, and selective
timber salvage
Historic >10 0.4-86.2 Non-regenerative; thinning/single-tree Canopy intact/recovered; low to 86.78 82.47
thinning selection, selective timber salvage moderate stem volume removal; various
levels of stand ingrowth
Agriculture NA - Corn, soy, hay, pasture C4 plants only; horizontal edge 2.55 8.05
Developed NA - Paved roads, residential Potential barriers 1.73 2.96
Water NA - 0.02-ha ponds, lakes, streams Water sources for drinking/foraging 0.25 0.57
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Table 2

Radio-tracking and space use data for northern long-eared bats (Myotis septentrionalis) and Indiana bats (Myotis sodalis). Tracking success rate equals successful relocations divided by attempted triangulations. Kernel

Density Estimates (KDEs) were generated from point relocations in core use and total foraging areas (50% and 95%). Maximum travel distance is from roost trees to the farthest extent of each bat’s 95% KDE polygon. We

calculated the area in hectares of each bat’s corresponding polygon (50% and 95% contours).

Mean % of roosts
in 95% KDE

Mean % of roosts
in 50% KDE

Mean maximum travel

distance (m)

Range of area (ha) of 95%

KDE foraging

Mean area (ha) of 95%

KDE foraging

Mean nights
tracked

Mean track

Mean number of
relocations

Number of

bats

success rate (%)

Myotis septentrionalis

Q Pregnant
Q Lactating

98

67

1553
1769
1574
1060
1577

23-624
80-605
44-272
29-230
44-433

171
218

79

60
61

14

100
100
100
99

70
69
67

87

10
6

146
118
176

87

66
77
63

Q Post-lactating

Q Juvenile

91

68

84

Total or mean

Myotis sodalis

Q Pregnant
Q Lactating

76

29
20
13

2336
3889
3020
2517

76-551

247
214
327
423

65

61

30
69
20

118-268
79-818
97-778

84
62

76
65

9

Q Post-lactating

Q Non-

79

82

reproductive
& Juvenile

100
60

2920
2899

152-1629
104-809

890
343

62

43
66

18

69

25

Total or mean

Forest Ecology and Management 503 (2022) 119757

| @ Forest ponds (4]

Roost trees
®| (=] 50% & 95% Foraging

@
i
1
|
[ ]
f
|
f ®
A\
L]
Myotis sodalis (o R i
0.0 1.0 2.0 ) 3.0
| 1 1 Kilometers 1

Fig. 1. Examples of roosting-foraging proximity. Northern long-eared bat
(Myotis septentrionalis) roosts were typically near the center of foraging areas, as
shown for one pregnant M. septentrionalis (top panel). Indiana bat (Myotis
sodalis) roost sites were often disjunct from foraging areas, as shown for one
pregnant M. sodalis (bottom panel). Foraging polygons represent 95% (extent)
and 50% (core use) areas, which included 0.2-ha forest ponds.

3.3. Habitat selection within a managed forest

Both species displayed intra-specific variation in habitat selection.
The first two factorial axes of the eigenanalysis explained 87.2% of the
chi-square variation for M. septentrionalis and 96.6% for M. sodalis.
Recent thinning drove factor loading on Axis 1, and clearcuts drove
factor loading on Axis 2 (Figs. 2 and 3). Most M. septentrionalis clustered
along Axis 1, foraging in recently thinned areas, patch cuts, and water
(forest ponds); this axis explained 56.0% of the variation (Fig. 2).
However, one pregnant M. septentrionalis used a clearcut more than
expected in early June 2014 (explaining 31.2% of the variation; Bat 28,
Fig. 2). Myotis sodalis used either recent thinning or patch cuts, which
explained 58.9% of chi-square variation, or they used clearcuts (37.7%
of the variation); these patterns are evident in Fig. 3. Although each
species used multiple strategies of structural habitat selection,
M. septentrionalis were more selective and showed greater consistency
than M. sodalis (Figs. 2 and 3).

From weighted compositional analysis, we observed evidence of
population-level habitat selection for both species. Myotis septentrionalis
did not use available habitat randomly (Wilk’s lambda = 0.079, P =
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Fig. 2. Eigenanalysis of habitat selection ratios for 33 northern long-eared bats (Myotis septentrionalis). The top panel displays habitat loadings along the first two
factorial axes and the bottom panel displays habitat preferences of individual bats in the same factorial space.
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Fig. 3. Eigenanalysis of habitat selection ratios for 25 Indiana bats (Myotis sodalis). The top panel displays habitat loadings along the first two factorial axes and the
bottom panel displays habitat preferences of individual bats in the same factorial space.

0.001); water (0.25% available, see Table 1) and historically thinned
forest (87% available) were used significantly more than other cate-
gories (Table 3). For M. septentrionalis, the order of selection was water
> historic thinning > patch cuts > recent thinning > historic openings >
clearcut > developed > agriculture. Myotis sodalis exhibited a similar
non-randomness (Wilk’s lambda = 0.098, P = 0.001). Patch cuts (0.86%
of available, see Table 1), historic openings (0.59% available), historic
thinning (82% available), water (0.57% available), clearcuts (0.18%
available), and recent thinning (4.33% available) were used signifi-
cantly more than developed or agriculture lands (Table 3), and the order
of selection was patch cuts > historic openings > historic thinning >
water > recent thinning > clearcut > developed > agriculture. Patch

cuts and historic thinning were in the top three most important cate-
gories for both species, but harvested openings ranked higher for
M. sodalis than for M. septentrionalis.

4. Discussion

Over four years, we tracked the movements of two endangered,
forest-dwelling Myotis in a large Central Hardwoods forest in Midwest-
ern USA. Myotis sodalis covered twice as much area during their nightly
forays, whereas M. septentrionalis tended to forage closer to roosts and
use less area. Both bats selectively foraged in recent patch cuts, and
small ponds were preferred by M. septentrionalis. Clearcuts were not
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Table 3
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Pairwise comparisons from multivariate analysis of variance (MANOVA) of habitat selection for northern long-eared bats (Myotis septentrionalis) and Indiana bats
(Myotis sodalis). Positive (+) or negative (—) signs indicate whether habitats in each row were selected more or less than habitats in corresponding columns; triple signs
indicate statistical significance (P < 0.05). Habitats are ranked by the number of positive selection values (0 is least selected); bolded rows are the three most important

habitat types for each species.

Agriculture Clearcut Developed Historic thin Patch cut Recent thin Historic open Water Rank

Myotis septentrionalis

Agriculture 0 — — — — — — — 0
Clearcut oo 0 + — — - - _ 2
Developed +++ - 0 — — _ _ _ 1
Historic thinning +++ +4+ +++ 0 + 44+ 4+ - 6
Patch cut +++ +++ +++ 0 +++ +++ - 5
Recent thinning +4++ + + — — 0 + _ 4
Historic opening +++ + + — — - 0 — 3
Water +++ +++ +++ + + +++ +++ 0 7
Myotis sodalis

Agriculture 0 — — — — — — _ 0
Clearcut +++ 0 + - - - - - 2
Developed +++ - 0 — — — — — 1
Historic thinning +++ + 44+ 0 — + _ 4 5
Patch cut +++ + +++ +++ 0 + + + 7
Recent thinning +++ + +++ - 0 - - 3
Historic opening +++ + +++ + - + 0 4 6
Water +++ + +++ - - + - 0 4

selected at large, but one-third of the M. sodalis used them. We showed
that silvicultural practices important to oak restoration should be
compatible with management objectives designed to create suitable
foraging habitat for these imperiled bats. However, these two closely
related bat species responded differently to forest management; under-
standing differences in foraging space use and habitat selection may be
informative for forest management when the objective is support bat
assemblages rather than single species. Despite their differences, for
both species responses to harvest were neutral or positive. These find-
ings may be transferable to other insectivorous, temperate bat assem-
blages in which multiple species share roosting or foraging areas in
managed forest.

4.1. Differences in space use during summer

We showed that M. sodalis use more space for roosting and foraging
compared to M. septentrionalis. Across known M. sodalis colonies, the
largest foraging ranges average > 1,000 ha, 10 times larger than the
average foraging range for M. septentrionalis (Table S1). In our study,
roosting ranges for female M. sodalis covered a smaller area (mean =
135 ha, 0.3-1035 ha; S. Bergeson, unpublished data) than their foraging
ranges (mean = 343 ha, this study). However, roosting ranges for female
M. septentrionalis in this same area average only 5.4 ha (range 1-9.3 ha,
Badin, 2014), a much smaller fraction of their foraging area (mean =
176 ha, this study). As predicted, M. sodalis tended to forage away from
their roosts, whereas M. septentrionalis tended to forage and roost in the
same areas (Fig. 1). However, space needs will vary with landscape
composition. Amount of available forest is a strong predictor of space
use for M. sodalis; in landscapes with small, disjunct forest fragments,
M. sodalis have large foraging ranges—e.g., up to 1,339 ha in a landscape
that is only 9% forested (Kniowski and Gehrt, 2014) and up to 3,812 ha
in a landscape that is 27% forested (Womack et al., 2013). With less
forest available, bats require more space, but M. sodalis decrease space
use in response to greater forest availability, even in young, second-
growth forests (Divoll and O’Keefe, 2018).

4.2. Summer foraging habitat use in a managed forest

Water, which was primarily available at small forest ponds, was the
most important feature for M. septentrionalis and ranked fourth for
M. sodalis. Ninety-three percent of bats we tracked included 1-10 forest
ponds (mean = 3 ponds) within their foraging ranges, more than would
be expected by chance (Divoll, 2020). In addition, ponds were centrally

located in M. septentrionalis foraging areas (Fig. 1). Small ponds may
function as critical water sources for lactating females, (Adams & Hayes,
2008), but bats may also perceive ponds as small openings in the forest
canopy that facilitate access to prey. Supporting this, Huie (2002)
showed that bat captures were higher than expected at small ponds
within mature forest and lower than expected for small ponds within
clearcuts in Kentucky, and Gallagher et al. (2021) found greater Myotis
activity closer to waterbodies in New York.

Myotis septentrionalis may have low tolerance for large open areas
(Henderson and Broders, 2008), including clearcuts. Because they have
such small roosting ranges (~5 ha in Indiana, Badin, 2014, and North
Carolina, O’Keefe, 2009) and foraging ranges (6-433 ha, Table S1,
Table 2), they may only forage in large openings near their roosts.
Indeed, the one M. septentrionalis that used a clearcut in our study
roosted at the edge of an unpaved road alongside the clearcut. In our
study area, female M. septentrionalis roost in live or dead trees in the
forest interior with 40-60% canopy closure (stands with single-tree se-
lection < 10 years before; S. Haulton, personal observation), occasion-
ally using trees within harvest openings (6% of roosts) or initial-stage
shelterwoods (2%; Bergeson et al, 2021). When foraging,
M. septentrionalis respond positively to disturbance that reduces clutter
in mature forest (e.g., thinning or prescribed fire; Owen et al., 2003;
Lacki et al., 2009), like the < 4-ha patch cuts and thinned stands used in
our study. While M. septentrionalis tended to avoid > 4-ha clearcuts
(Fig. 2), this does not mean these openings are wholly unsuitable. At our
site, Caldwell et al. (2019) showed that M. septentrionalis have similar
acoustic activity in thinned forest and clearcuts. We contend that
regenerative clearcuts will be perceived differently by bats than large-
scale disturbances that remove forest altogether, such as conversion to
crops or development. During our study, regenerating clearcuts were
characterized by dense layers of saplings, thorny shrubs, and herbaceous
plants, and these patches sustain a rich invertebrate community domi-
nated by Diptera, Hymenoptera, Araneae, and Coleoptera (Ruhl et al.,
2020), which are commonly eaten by bats at this site (Divoll, 2020).

While the distribution of M. sodalis is linked to forest cover (Cable
et al., 2021), this species showed a greater affinity for forest openings
than M. septentrionalis in this study. Myotis sodalis foraged over small
patch cuts and historic openings more than expected and favored his-
torically thinned (i.e., relatively intact canopy) forest over larger
clearcuts. Lower preference for clearcuts does not mean M. sodalis will
not use large forest openings; in fact, the eigenanalysis showed that one-
third used clearcuts more than expected (Fig. 3). Their capacity for
moving longer distances while foraging has allowed M. sodalis to subsist
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where forest patches are small, such as narrow riparian buffer strips and
scattered woodlots (e.g., central Illinois, Gardner et al., 1991; central
Ohio, Kniowski and Gehrt, 2014). One M. sodalis maternity colony has
shown fidelity to a central Indiana landscape with < 25% forest cover
(Divoll and O’Keefe, 2018) for decades; the colony is able to forage
successfully where forests are scarce. In Illinois, M. sodalis maternity
colonies occupy landscapes with > 40% forest cover but are most likely
to occur with 60-80% forest cover (Cable et al., 2021). In heavy forest
cover, M. sodalis likely tolerate larger forest openings that are a small
portion of the landscape and may find foraging opportunities along their
edges.

4.3. Implications for forest management and bat conservation

Sustaining forests for wildlife, carbon offsetting, timber production,
and recreation may require various forms of harvest and prescribed fire.
Will these disturbances be beneficial, neutral, or harmful to forest-
dwelling bats? We showed that two Myotis species selectively used
small regeneration harvests, which suggests such openings may benefit
even small bats. Bats may be attracted to harvested patches when they
represent a small portion of a spatially homogeneous forest (Grindal and
Brigham, 1998). Smaller regeneration openings have greater edge
relative to their size, which promotes plant and insect diversity (Taylor
et al., 2020). While small openings and adjacent forest have similar
levels of insect biomass (Grindal and Brigham, 1998), bats may be
attracted to the hard vertical or horizontal edges of harvests if it is more
efficient to capture prey there (Caldwell et al., 2019; Jung et al. 2012).

It is crucial to maintain roost trees and foraging areas to support both
short- and long-term habitat requirements of bats. Oaks and hickories
are important roost types for our study species (Bergeson et al., 2018,
2021) and other bat species across North America (Luna et al., 2014). As
such, conservation plans should include measures to promote mature
trees of these taxa, which are most likely to contain large hollows or
cavities (Law et al., 2016). Shelterwood harvest, a management type
preferred by foraging bats in this study, also promotes mature seed trees
that may become roosts and is an effective strategy for oak regeneration
during hot, dry summers (Kellner and Swihart, 2016). Our study species
responded positively to thinning, which can yield forest structure like
initial shelterwood stages, though both species used small patch cuts
more than recently thinned stands (Table 3). Although there is general
global movement away from even-aged management strategies to pro-
mote bat conservation (Law et al., 2016), we note that some individuals
repeatedly foraged near small clearcuts (<7 ha, Fig. 3) in addition to
even smaller patch cuts. Our observations suggest a need to reevaluate
the value of even-aged treatments; thus, we recommend additional work
to measure the utility of < 7 ha regenerative harvests to forest Myotis.

Maintaining heterogeneous forests composed of mature stands,
thinned stands, shelterwoods, and small regenerative harvests (<7 ha)
will allow foraging bats to exploit patch types of varying ages and
structure. This approach should directly apply to bat assemblages in
managed forests worldwide. A holistic approach to forest-bat manage-
ment should also consider perennial water sources, roosting habitat
requirements, long-term patterns in habitat use, and responses to forest
management outside of the summer maternity period (Loeb, 2020).
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Abstract

Forest roosting bats use a variety of ephemeral roosts such as snags and declining live trees. Although conservation of summer
maternity habitat is considered critical for forest-roosting bats, bat response to roost loss still is poorly understood. To address this,
we monitored 3 northern long-eared bat (Myotis septentrionalis) maternity colonies on Fort Knox Military Reservation, Kentucky,
USA, before and after targeted roost removal during the dormant season when bats were hibernating in caves. We used 2
treatments: removal of a single highly used (primary) roost and removal of 24% of less used (secondary) roosts, and an un-
manipulated control. Neither treatment altered the number of roosts used by individual bats, but secondary roost removal doubled
the distances moved between sequentially used roosts. However, overall space use by and location of colonies was similar pre-
and post-treatment. Patterns of roost use before and after removal treatments also were similar but bats maintained closer social
connections after our treatments. Roost height, diameter at breast height, percent canopy openness, and roost species composition
were similar pre- and post-treatment. We detected differences in the distribution of roosts among decay stages and crown classes
pre- and post-roost removal, but this may have been a result of temperature differences between treatment years. Our results
suggest that loss of a primary roost or < 20% of secondary roosts in the dormant season may not cause northern long-eared bats to
abandon roosting areas or substantially alter some roosting behaviors in the following active season when tree-roosts are used.
Critically, tolerance limits to roost loss may be dependent upon local forest conditions, and continued research on this topic will be
necessary for conservation of the northern long-eared bat across its range.
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Introduction

Roosts provide bats with sites for day-time sheltering as protection from weather and predators, mating, and social interaction. For
species in temperate areas that form maternity groups in forested landscapes, roosts also provide thermal benefits for successful
juvenile development [1—4]. Because of their importance in both survival and recruitment, roosts long have been considered a
critical habitat feature for bats [5, 6]. Approximately half of all known bat species use plants as roosts [6]; in North America, roosts
most commonly are found in snags or live trees with cavities or defects. Roosts such as snags in forests are ephemeral [7, 8].
Ephemerality of the roost resource strongly suggests that bats experience roost loss at some low constant background level, with
periodic pulses of increased roost loss after intense disturbances from fire, wind throw, ice damage, insect outbreak, or certain
types of forest management actions [9-12]. It seems likely, therefore, that bats are adaptive to roost loss. This plasticity often is
ignored as many managers tasked with bat conservation often view roosts and roosting areas as fixed landscape elements that are
decoupled from stochastic environmental processes [13, 14].

Bat conservation in forested landscapes often involves identification of roost sites with subsequent limitations on management
activities (e.g., forestry) within these areas. Conservative approaches to roost habitat management may seem warranted, but this
strategy may interrupt natural processes or anthropogenic management actions that are vital to create suitable roosts in the present
or provide roosts in the future. Impacts of management actions that result in roost loss are unknown as few studies directly have
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assessed the effect of roost loss on bat roosting behavior in controlled, manipulative studies. Evidence from roost exclusion studies
suggests that exclusion from permanent structures can decrease site fidelity, alter home range size, lower reproductive recruitment,
and reduce colony size and the strength of association among individuals [15-18]. Conversely, several lines of evidence suggest
that tree roosting bats may be tolerant of roost loss up to some threshold point. For example, bats have exhibited positive roosting
responses to prescribed fire at short-term and long-term temporal scales [19-23]. Positive responses to prescribed fire may be due
to rapid, increased snag recruitment that offsets the loss of existing snags [24—26]. Clearly, natural forest disturbance processes
also can remove and create bat roosts. Natural forest disturbance processes contrast with many types of forest harvest that remove
potential and available roosts without creating new roosts in the short-term. However, if applied on the landscape properly, it is
possible that forest harvesting may mimic natural processes that also create suitable roosting areas or possibly enhance the quality
of existing roosts, i.e., reduce canopy shading of remaining boles.

Tolerance limits to roost loss are unclear and probably highly variable among bat species and the forest systems wherein they
reside [15-18, 27, 28]. For colonial species, insight into the impacts of roost loss will require understanding both of individual and
colony level factors [29]. Responses to roost loss may be apparent in demographics, survival, roost use, space use, and sociality.
Unfortunately, demographic changes are exceedingly difficult to ascertain for bats that roost-switch frequently and exhibit fission-
fusion behavior. Within the context of roost use, resilience to roost loss generally may be visible as either a shift in overall uses of
individual roosts without a change in overall space use or social structure, or alternatively, as a shift in roosting area and roosts
without a change in social structure. Conversely, if colonies are not robust to disturbance, the colony may either dissolve such that
social structure at the site is not maintained, or dissolve to the point where no bats are present on the site [27]. Within the network
of roosts used by colonies of bats, individual roosts frequently are used differentially, with some receiving intense use (primary
roosts) and others limited use (secondary roosts) [29-31]. Roost switching studies have provided insight on why bats may switch
roosts, but the underlying causes for differences in the relative level of roost use have not been investigated widely. Regardless,
differential roost use suggests that individual roosts may either serve different functions for colonies and individual bats therein or
vary in their value. If so, loss of heavily used or primary roosts may impact colonies more strongly than loss of less frequently used
roosts [28, 29].

Our objective was to experimentally examine how hierarchical loss of roosts affects roosting social structure along with roost and
space use by female northern long-eared bats (Myotis septentrionalis) during the maternity season at both the colony and individual
level. Northern long-eared bats occur in forests throughout the eastern United States and southern Canada [32-38], but foraging
activity consistently is greatest in closed-canopy forests [34, 39—44]. During the maternity season (May-July), female northern long-
eared bats form non-random assorting colonies in upland forests under the exfoliating bark or within cavities of snags or declining
live trees [10, 33, 36, 44]. This species is a proposed for listing as endangered and currently of high conservation concern in North
America (Federal Register § 78:61045-61080) due to severe population declines following the onset and spread of White-nose
Syndrome in eastern North America. An improved understanding of the effects of roost loss on this species will be important for
development of future conservation efforts.

Accordingly, we evaluated the impacts of primary and multiple secondary roost loss specifically to reflect discussion in the literature
by Rhodes et al. [29] and Silvis et al. [27] that suggests that loss of either a single primary of >20% of total roosts might result in
colony fragmentation, a negative conservation outcome of substantial concern. We assessed changes in colony roost and space
use, roost selection, and social structure, as well as changes in individual behaviors related to roost switching. We specified several
a priori hypotheses related to the differing levels of roost site disturbance based on previous research on multiple species [15, 16,
18, 27, 29]. For primary roost tree removal, we proposed 2 hypotheses:

1. Hq: At the colony level, loss of the primary roost will result in an alternate tree receiving increased use, subsequently causing a previously less-used roost to
become the primary roost [15, 16]; bats will not display evidence of roost seeking behavior. Bats will display an affinity for the same roosting area, but the core
use area would re-center around the new primary roost, and roost selection would be consistent. At the individual level, loss of the primary roost will not
impact roost switching behavior or distances moved between sequentially used roosts.

2. Hy: At the colony level, loss of the primary roost will result in dissolution of the colony [29]. Space use will either be random across the former roosting area or
will be nonexistent. Bats will display characteristics of roost searching, and the characteristics of selected roosts will differ [18]. At the individual level, loss of
the primary roost will increase roost switching frequency and the distances moved between sequentially used roosts.

For secondary roost loss, we proposed three hypotheses:

1. Hq: At the colony level, loss of multiple secondary roosts will not impact roosting behavior, social structure, space use, or roost selection by northern long-
eared bat maternity colonies [27]. At the individual level, loss of multiple secondary roosts will not impact roost switching behavior or distances moved
between sequentially used roosts. Roost characteristics will not differ.

2. Hy: At the colony level, loss of multiple secondary roosts will result in dissolution of the colony [27]. Space use will either be random across the former roosting
area or will be nonexistent. Bats will display characteristics of roost searching and roost characteristics will differ [18]. At the individual level, loss of multiple
secondary roosts will increase roost switching frequency and the distances moved between sequentially used roosts.

3. H3: At the colony level, loss of multiple secondary roosts will result in increased social cohesion and increased use of the primary roost, and roosting area will
decrease. Roost characteristics will not differ. At the individual level, loss of multiple secondary roosts will decrease the number of roosts used by individual
bats and the distances moved between roosts.

Methods

We conducted our study at 3 sites on the Fort Knox military reservation in Meade, Bullitt, and Hardin Counties, Kentucky, USA
(37.9°N, -85.9°E, WGS84). Our sites lie in the Western Pennyroyal subregion of the Mississippian portion of the Interior Low
Plateau physiographic province of the upper South and lower Midwest portion of the USA [45]. Forest cover is predominantly a
western mixed-mesophytic association [46], with second- and third-growth forests dominated by white oak (Quercus alba), black
oak (Q. velutina), chinkapin oak (Q. muehlenbergii), shagbark hickory (Carya ovata), yellow poplar (Liriodendron tulipifera), white
ash (Fraxinus americana), and American beech (Fagus grandifolia) in the overstory, and sassafras (Sassafras albidum), redbud
(Cercis canadensis), and sugar maple (Acer saccharum) in the understory [47].



We initially captured northern long-eared bats over small woodland pools from May through July 2011 (pre-roost removal) and 2012
(post-roost removal). We attached a radiotransmitter (LB-2, 0.31 g: Holohil Systems Ltd., Woodlawn, ON, Canada) between the
scapulae of each female bat using Perma-Type surgical cement (Perma-Type Company Inc., Plainville, CT, USA). A uniquely
numbered lipped band was attached to the forearm of all captured bats. After identifying a small number of roosts, we maximized
number of bats captured by erecting mist nets around roosts located while radiotracking bats. Captured bats were released within
30 minutes of capture at the net site. Using TRX-1000S receivers and folding 3-element Yagi antennas (Wildlife Materials Inc.,
Carbondale, IL, USA), we attempted to locate radio-tagged bats daily for the life of the transmitter or until the unit dropped from the
bat. For each located roost, we recorded tree species, diameter at breast height (dbh; cm), height (m), canopy openness (%),
decay class ([48]; live [1], declining [2], recent dead [3], loose bark [4], no bark [4], broken top [6], broken bole [7]) and crown class
([49]; i.e., suppressed [S], intermediate [I], codominant [CO], dominant [D]). We estimated size of individual colonies by performing
5 exit counts per colony at day-roosts used by radiotracked bats.

We followed the methods of Silvis et al. [27] in defining a northern long-eared bat maternity colony as all female and juvenile bats
connected by coincident roost use. We represented colonies graphically and analytically as two-mode networks that consisted of
bats and roosts (hereafter “roost network”) [30, 31]. We used these roost network representations to describe patterns of roost use
by colonies and to identify roosts for our removal treatments. To reduce bias resulting from uneven tracking periods and observing
only a portion of each colony, we considered relationships to be binary (i.e., presence or absence of a connection) [50]. We
assessed roost network structure using mean degree, network degree centralization, network density, and clustering. Within
networks, degree is a count of the number of edges incident with a node [51]; high degree values indicate a large number of
connections to a node. Network degree centralization, density, and clustering all have values between 0 and 1 (0 = low, 1 = high).
Network degree centralization describes the extent that a network is structured around individual nodes, whereas network density
and clustering describe the distribution of connections among nodes [52-56]. We calculated two-mode degree centralization and
density using the methods of Borgatti and Everett [52] and clustering using the method of Opsahl [57] for our roost network. To
determine whether our observed network values differed from those of random networks, we performed 999 Monte Carlo
simulations and compared observed network metrics to random network metrics using two-tailed permutation tests [58, 59]; random
networks [60] were generated with the same number of nodes as our observed networks and with a constant probability of link
establishment. We then compared the relative difference from random networks pre-post treatment to assess whether colony social
dynamics and roost use patterns were disrupted.

In February 2012 when bats were hibernating and not occupants of trees and snags, we implemented two roost removal treatments
and one control following the identification and delineation of 3 colonies in 2011. For our primary roost removal treatment, we felled
the single roost with the highest degree centralization value via chainsaw. For the secondary roost removal treatment, we similarly
felled 5 randomly selected roosts (24% of colony total) with degree centralization values less than the colony maximum, but greater
than the colony minimum in our secondary roost removal treatment group. This number was selected to specifically test the
simulation-based predictions of Silvis et al. [27] that colonies may fragment with loss of >20% of roosts.

We used conditional Wilcoxon 2-sample tests and conditional Chi-squared tests to compare continuous (height, dbh, and canopy
openness) and categorical roost characteristics (species composition, decay stage, and crown class) pre- and post-treatment and
among groups; we corrected for multiple comparisons using the Bonferroni method. Conditional tests were performed using Monte
Carlo simulations with 999 permutations. We examined the roost switching behavior of individual bats by creating a Poisson
regression model describing the number of roosts used by a bat relative to the total number of relocations, reproductive condition,
and interaction of treatment identity and year. We used this Poisson model to conduct general linear hypothesis tests with Tukey’s
adjustment for multiple comparisons to determine whether the number of roosts used by bats differed within or among treatment
areas. We evaluated the fit of our Poisson model using maximum-adjusted D2 [61]. We assessed the spatial component of roost
switching behavior by individual bats by comparing the distances that bats within treatment areas moved between sequentially
used roosts with general linear hypothesis tests, also with Tukey’s adjustment for multiple comparisons. We performed our general
linear hypothesis tests for distances moved on a linear mixed model containing year, group, their interaction term, and reproductive
condition as fixed effects, and bat identity as a random effect; we used a log transformation to normalize distance data. We
assessed the fit of our linear mixed model using the conditional (R2°) and marginal (Rzm) coefficients of determination [62].

We evaluated roost removal impacts on colony roosting area space use for each treatment group using Bhattacharya’s affinity (BA)
[63] and the difference in roosting area centroids between years. The BA uses the joint distribution of 2 utilization distributions to
quantify similarity between utilization distributions and is appropriate for comparisons of utilization distributions for the same
individual or group [63]. These values range from 0 to 1, with values close to 1 indicating highly similar utilization distributions [63].
We calculated 95% utilization distributions from the pooled locations of all bats within a colony using bivariate normal fixed kernel
methodology. To reflect the concentration of roost use, we weighted roost locations by the number of times a roost was used by
radio-tagged bats [64]. We used the reference method for smoothing parameter estimation as appropriate for weighted locations
[65]; that also allowed us to consider our estimates of colony space use as liberal. In cases where roosting areas of separate
colonies overlapped to an appreciable extent, we calculated the utilization distribution overlap index (UDOI) to determine if space
use was independent; UDOI values range from 0 to infinity, with values <1 indicating independent space use, and values >1
indicating non-independence [63].

We assessed overall changes in colony roost use patterns by comparing pre- and post-roost removal network degree
centralization, density, and clustering for the roost networks. We used this same comparative network approach to assess changes
in colony roosting social structure for the single mode projections of our 2-mode roost networks [66]. This projection allowed us to
focus on existing direct and indirect connections among bats in a colony. Because comparing values from networks of differing size
may yield inappropriate inferences [67], we used indirect comparisons of network characteristics. In these, we compared the
relative difference between a roost or social network and its equivalent random network pre- and post-treatment. All analyses were
performed in the R statistical program version 3.0.2 [68]. We calculated conditional tests using the coin package [69], linear mixed
models using Ime4 [70], and utilization distributions, BA, and UDOI values using the adehabitatHR package [71]. We used the
igraph [72] and tnet libraries [57] to visualize networks and calculate metrics. Lastly, network Monte Carlo simulations were
performed using a custom script with dependencies on the igraph and tnet libraries. We used an a = 0.05 for all tests of statistical
significance.



Ethics statement

Our study was carried out in accordance with state requirements for capture and handling of wildlife (Kentucky Department of Fish
and Wildlife Resources permit numbers SC1111108 and SC1311170) and did not involve any endangered species at the time of the
study. Capture and handling protocol followed the guidelines of the American Society of Mammalogists [73] and was approved by
the Virginia Polytechnic Institute and State University Institutional Animal Care and Use Committee (protocol number 11-040-FIW).
We received explicit permission to conduct work on the Fort Knox military reservation from the reservation staff biologists and Fort
Knox Range Control. Data used in this study are archived in the Virginia Polytechnic Institute and State University VTechWorks
institutional repository (DOI: 10.7294/W4H41PBH).

Results

We captured 58 female northern long-eared bats pre-treatment in 2011. Based on patterns of coincident roost use, we assigned 36
of these bats (11 gestating, 20 lactating, 1 post-lactation, and 4 non-reproductive) to 3 colonies. Exit counts for these 3 colonies
generated minimum estimated colony sizes of 13, 18, and 14 bats, respectively. We captured 67 bats post-treatment in 2012, 62 of
which (4 gestating, 45 lactating, 10 post-lactation, and 3 non-reproductive) we were able to assign to the 3 colonies identified in
2011. We recaptured only 3 individuals banded in 2011 during 2012. Exit counts indicated that the 2012 colonies contained a
minimum of 24, 20 and 25 bats, respectively. We located 58 roosts over 204 relocation events for the 3 colonies identified in 2011
and 100 roosts (7 of which were used in 2011) over 324 relocation events in 2012. We recorded a mean (+ SD) of 5.7 (+ 1.5)
locations per bat in 2011 and 5.2 (+ 2.9) in 2012.

We identified between 4 and 33 roosts per colony pre-roost removal, and between 23 and 42 roosts per colony post-removal (Table
1). When controlling for the total number of relocations of an individual bat and reproductive condition, the number of roosts used
by individual bats was similar between pre- and post-treatment and among colonies, with the exception of the control colony, pre-
removal, that differed from all other groups (model D? = 0.74; Tables 1, 2).

Table 1. Summary of female northern long-eared bat roost use patterns.

https://doi.org/10.1371/journal.pone.0116356.t001

Table 2. Factors influencing the number of roosts used by individual female northern long-eared bats.

https://doi.org/10.1371/journal.pone.0116356.t002

Neither roost dbh nor height differed between treatments or among colonies (Table 3). Canopy openness was similar between pre-
and post-treatment, but some individual colonies differed from one another (Table 3). Distribution of roosts among decay stages
differed pre- and post-treatment within the primary removal colony but not in the control colony or the secondary removal colony
(Table 3). Distribution of roosts among crown classes differed pre- and post-treatment for the primary removal colony but not in the
control or secondary removal colony (Table 3). Distribution of roosts among decay stage and crown classes did differ among
colonies in some cases (Table 3). We found no difference in roost species composition between pre- and post-treatment or among
any of our groups (Table 3). Sassafras (Sassafras albidum) trees or snags were the most commonly used roost species, accounting
for between 43 and 57% of roosts used in each group.



https://doi.org/10.1371/journal.pone.0116356.t001
https://doi.org/10.1371/journal.pone.0116356.t002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.t001
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.t002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.t003

Table 3. Summary of female northern long-eared bat roost characteristics.

https://doi.org/10.1371/journal.pone.0116356.t003

Distances moved between sequentially used roosts were non-normally distributed with right skew; median distances were between
111.1 and 219.4 m (Table 1). Distances between sequentially used roosts differed only pre- and post-roost removal in our
secondary roost removal treatment group (model R<® = 0.18, R2M = 0.08; Tables 1, 4). Overall colony roosting areas were between
1.3 and 58.5 ha (Table 1). Patterns of roosting area space use largely were consistent between pre- and post-treatment in our
primary and secondary roost removal treatment groups, particularly evident in the distances between weighted colony roosting area
centroids (Table 1, Fig. 1). However, space use by and roosting area centroids of our control colony differed substantially between
years (Table 1).

Figure 1. Northern long-eared bat maternity colony roosting areas.

Roosting areas (95% utilization distribution) of 3 northern long-eared bat (Myotis septentrionalis) maternity colonies subjected
to different levels of roost removal on the Fort Knox military reservation, Kentucky, USA, pre- and post- roost removal (2011
and 2012)

https://doi.org/10.1371/journal.pone.0116356.g001

Roost network degree centralization significantly was greater than random for primary removal and control colonies, but not the
secondary roost removal colony pre-treatment (Table 1). Roost network clustering differed from random networks in both the
primary and secondary roost removal colonies post-treatment, but, for all other colonies, there was no difference from random
networks (Table 1). Roost network density did not significantly differ from random networks for any group (Table 1). As represented
in the social networks, bats shared between 3.5 and 15.9 social connections with other bats within colonies (Table 5). Social
network degree centralization differed from random networks only for the control colony pre-treatment and the primary roost
removal treatment post-treatment; the former was significantly less than and the latter significantly greater than equivalent random
networks (Table 5). Social network clustering significantly was greater than that of random networks for colonies except the
secondary roost removal treatment colony pre-treatment (Table 5). Social network density did not differ from random networks pre-
treatment, but was greater in all other cases (Table 5).

Visual inspection of the roost network maps indicated that the secondary roost removal colony was split into 2 groups connected
only by a single roost post-treatment (Fig. 2). Because these 2 halves possibly represented 2 separate colonies connected by a
single ‘chance’ roost use, we conducted a post-hoc analysis wherein we removed the roost connecting the 2 network sections
(subcolony 1 and subcolony 2) and re-calculated spatial metrics. Roosting area was 46.37 ha for subcolony 1 and 27.43 ha for
subcolony 2. Roosting areas of these 2 sections overlapped substantially (UDOI = 1.26).


https://doi.org/10.1371/journal.pone.0116356.t003
https://doi.org/10.1371/journal.pone.0116356.g001
https://doi.org/10.1371/journal.pone.0116356.t004
https://doi.org/10.1371/journal.pone.0116356.t005
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.g001
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.t004
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.t005
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Figure 2. Northern long-eared bat maternity colony roost network map.

Pre- and post- roost removal treatment (2011 and 2012) 2-mode roost network map of a northern long-eared bat (Myotis
septentrionalis) maternity colony subjected to removal of 5 secondary roosts on the Fort Knox military reservation, Kentucky,
USA. Edge width is scaled by the number of connections between a bat and an individual roost.
https://doi.org/10.1371/journal.pone.0116356.g002

Discussion

In our manipulative roost removal experiment, treatments did not result in abandonment of roosting areas by northern long-eared
bats. Persistence after exclusion from a roost also has been observed in big brown bats (Eptesicus fuscus) in northern forest-prairie
transitions zones in Canada [15] and disc-winged bats (Thyroptera tricolor) in Costa Rican tropical forests [18], species that both
exhibit relatively frequent roost switching. In contrast, syntopic little brown bats (Myotis lucifugus), that form larger colonies and
roost-switch less than northern long-eared bats, appear to abandon roosting areas after exclusion [16]. Persistence after roost loss
may be related to the greater number of roosts used by colonies and to roost ephemerality. Roost fidelity is less in species with
more ephemeral roosts [74], therefore, having a variety of alternate roosts or some degree of flexibility in what roosts may be
selected may be an adaptation for tolerating roost loss for the northern long-eared bat.

Northern long-eared bat maternity colony roosting areas did not appear to change as a result of either of our roost removal
treatments. In contrast, Chaverri and Kunz [18] found that exclusion resulted in larger individual roosting home ranges in disc-
winged bats [18] and Borkin et al. [17] found that roost loss resulted in smaller home ranges in New Zealand long-tailed bats
(Chalinolobus tuberculatus) [17]. Increased home range size in disc-winged bats was related to the need to locate a limiting
resource—suitable roosts [18]. However, northern long-eared bats are not extreme roost specialists [32, 75, 76] and potential
roosts are not limited on our sites [77]. On the other hand, decreased home range size in New Zealand long-tailed bats as a result
of roost loss following clear-cutting, reflected the lack of available roosts and alternative roosting areas in the harvested areas [17].
Locally, large numbers of available roosts may explain why so few roosts were used in both years of our study and why colony
locations did not change.

It was surprising that so few roosts were used both pre- and post-treatment, but could be the result of tracking different bats in each
year. We captured a substantial proportion of the bats within individual colonies (range 0.62-1.0, ¥ = 0.84). As such, it is unlikely that
our low recapture rate was due to sampling effort. Regardless, roost removal treatments did not impact the number of roosts used
by individual bats within treatment areas when controlling for the number of total locations and reproductive condition. The lack of
difference in the number of roosts used differs from Borkin et al. [17], who found that bats used fewer roosts post-roost loss. The
number of roosts used per bat was fewer in 2011 than in 2012 in our control colony, but this is likely due to the fact that the colony
was captured and tracked during parturition in 2011 [78]; the number of roosts used per bat in the control colony in 2012 was
consistent with that of all other groups. Given the positive relationship between the number of roosts located and the number of
days a bat was tracked, differences in the total number of roosts located per colony were not unexpected.

Northern long-eared bats are known to exhibit inter-annual site fidelity of at least 5 years in a mixed pine-deciduous system in
Arkansas [79], but our low recapture rates relative to our sampling effort suggest that bats marked during the first year of our study
largely were not present in the second. Whether this is due to high annual adult mortality or some other socio-spatial assortment
dynamic is unknown, but Perry [79] also recaptured few banded individuals. Consistent patterns of space use between years
suggest that, although colony composition changed, colony identity did not. Northern long-eared bat maternity colonies [80] as well
as those of some other species [81] contain maternally-related individuals, and it is possible that primarily juveniles from the first
year returned in the second. In the context of having tracked different bats within colonies, our data may be interpreted best not as
changes in behavior of individual bats resulting from removal treatments, but as differences in patterns of colony behavior at our
treatment sites.

In contrast to Chaverri and Kunz [18], we observed no change in roost species selection post-roost removal. This is consistent with
the high roost availability at our sites [27]. Roost decay stage and crown class in the primary removal colony were the only roost
characteristics to differ between pre- and post-treatment. Selection for more advanced stages of decay in 2011 appears to be
correlated with crown class, as trees in advanced stages of decay at our sites are primarily in suppressed crown classes. Although
the difference in decay stage and crown class pre- and post-treatment is statistically significant only for the primary removal colony,
a similar trend in reduced selection for suppressed roosts in later stages of decay was visible across all colonies in 2012. It is
possible that by random chance roost removal caused the difference in roost decay stage and crown class in our findings, but given
the lack of difference between roost dbh, height, and canopy openness in the primary removal colony, this seems unlikely. Higher
summer temperatures in 2011 than in 2012 on our study site may have caused bats to select trees in more suppressed crown
classes, thereby reducing solar heating of roosts. Mean minimum temperature during June—July was 1.78 C° greater in 2011 than
in 2012 (National Oceanic and Atmospheric Administration station GHCND: USC00154955); similarly small temperature differences
have been found to affect roost selection by Bechstein’s bats (Myotis bechsteinii) [82] and development of juvenile greater mouse-
eared bats (Myotis myotis) [83].


https://doi.org/10.1371/journal.pone.0116356.g002
https://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0116356.g002

Patterns of northern long-eared bat roost use and association, as assessed through roost and social networks, displayed a mix of
random and non-random characteristics. The overall character of roost networks relative to random networks was similar within and
among treatments. Although there were minor differences in roost and social networks pre- and post-treatment, northern long-eared
bat social network structure changes with reproductive condition [84, 85]. After accounting for reproductive condition, the character
of the roost networks post-treatment differed only for roost network clustering. The change in roost network clustering from not
significantly different from random networks to significantly greater than random networks also was reflected through increased
social network density. An increase in roost network clustering and social network density may be an adaptive response to maintain
colony stability after roost loss. Such an adaptive response to roost loss could suggest co-evolution between northern long-eared
bats and these mixed mesophytic forests and other systems with similar stand dynamics and disturbance patterns, but replication
of our study across more regions and forest types is required to document this.

For the secondary roost removal colony, we observed a segmented roost network and the only statistically significant difference in
the distance moved between sequentially used roosts. Division of this network into 2 halves as a result of the removal of 24% of
roosts would be consistent with previous simulation based outcomes showing that loss of approximately 20% of roosts generates a
50% chance of colony fragmentation [27]. Connection of the 2 halves of this network by a single roost may reflect an incomplete
division of the colony. An incomplete division may indicate that colony fragmentation occurs incrementally as roosts are lost, an
outcome that theoretically should be most likely to occur if individual roosts are important locations for social interaction. Incomplete
colony fragmentation is consistent with our finding that the 2 sections of this colony shared a single roosting area—an observation
that was contrary to our a priori prediction that colony fragmentation would result in random use of the roosting area, but that may
be related to the difference in distances moved between roosts by bats in this colony. Alternately, apparent division also could be
the result of unwarranted joining of two separate neighboring colonies as a result of chance use of single roost. Silvis et al. [27]
speculated that roost sharing may be infrequent and inconsequential at the periphery of the roosting area for northern long-eared
bats. In this case, the shared roost was not at the periphery of the colony roosting area and the roosting areas of the 2 sections of
the colony overlapped extensively in terms of both extent and concentration of use. Research from other bat species in both
temperate and tropical regions suggests that roosting areas are exclusive relatively to individual colonies [17, 30, 31]. Whether this
apparent fragmentation is a result of roost removal treatments or some other process remains speculative.

Conclusions

In their review of conservation concerns for bats in the United States, Weller et al. [86] identified a need to transition conservation
priorities from focal threats to diffuse threats. In the context of the White-nose Syndrome enzootic that is threatening many species,
including the northern long-eared bat, with widespread extirpation, it is necessary to link focal and diffuse threats through
understanding of the impacts of specific changes to roosting habitats. Although our study contains limited replicates of our
individual treatments, it is to our knowledge the only study to perform targeted roost removal treatments for colonial bats in a
temperate forest ecosystem. Clearly, caution should be taken in interpreting the results of individual treatments, particularly with
regard to changes in roost and social network structure. However, our results are consistent with previous predictions and
anecdotal observations that northern long-eared bats would be robust to low levels of roost loss [20, 22] particularly if loss of these
naturally ephemeral roost resources are lost at or below rates of tree mortality / snag loss in temperate forests. Clearly, the
maximum levels of annual or cumulative multi-year roost loss that northern long-eared bats can tolerate remains to be determined.
It is important to consider that roosts were not limiting at our study sites similar to much of the temperate forested environments
where northern long-eared bats occur [10, 87]. However, in more roost limited areas, e.g., in agricultural landscapes with greater
forest fragmentation or in industrial forest settings skewed towards younger forest age classes, roost loss may have different
consequences for northern long-eared bats.

Monitoring of sufficient numbers of colonies for robust inference is largely infeasible within a single study. Therefore, replication
across studies is needed to better confirm or modify the patterns we have observed. With the ongoing spread of White-nose
Syndrome in North America, and continued rapid declines in northern long-eared bat populations, replication of this study in
disease-free areas is urgently needed. Moreover, a better understanding the impacts of roost loss, whether natural or
anthropogenic, on survival and recruitment remains a critical gap in our knowledge of bat ecology.
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Abstract:

Most habitats available to black bear (Ursus americanus) in the Mississippi Alluvial Valley (MAV)

consist of seasonally flooded commercial forests where lack of suitable dens may limit population growth. We
studied interactions between forest management and flooding relative to female black bear denning. Denning
behavior differed between commercial and noncommercial forests. Females used tree dens exclusively on
noncommercial forests, whereas on commercial forests, most (83%) were ground dens. Variations in ground
den elevation resulted in differing inundation probabilities, altering survival probabilities for neonates. On
commercial forests, ground dens with similar inundation probabilities as tree dens allowed successful repro-
duction to occur. Management practices that enhance suitable cover in areas of minimal inundation probability
may mitigate for lack of den trees in flood-prone landscapes.
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Key words: batture, black bear, denning, elevation, flooding, forest management, Misissippi Alluvial Valley,

reproduction, topography, Ursus americanus.

Hibernation is a key segment of the black
bear life cycle because this is when parturition
occurs (Aldous 1937, Hellgren 1988, Eiler et al.
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Lane-Suite 2A, Juneau, AK 99801, USA.

1989). For parturient females, denning also pro-
vides a secure setting for early maternal care.
Black bears use a variety of den sites and pref-
erence appears to be sex-specific. In bottom-
land hardwoods, Smith (1985) found that only
males used ground dens (e.g., brushpiles). In
the southern Appalachians, Carlock et al. (1983)
reported 67% of 112 dens were in trees and that
adult females accounted for 64% of tree den
use, whereas only 10% of adult males denned
in trees. Cahalane (1947), Erickson (1964) and
Pelton et al. (1980) reported similar findings. By
using tree dens, bears increase endogenous en-
ergy savings by >15% (Johnson et al. 1978),
minimized likelihood of disturbance (Johnson
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and Pelton 1981), and may enhance neonate
survival.

Natural mortality is typically greatest for
black bears during the first year of life (Rogers
1977, LeCount 1987, Eiler et al. 1989, Elowe
and Dodge 1989), although Jonkel and Cowan
(1971) found that mortality was greatest for
yearlings following independence. Because
black bears exhibit slow reproductive maturity,
a prolonged reproductive cycle, and small litter
sizes (Erickson 1964, Rogers 1977, Ruff 1978),
cub mortality can significantly affect productiv-
ity. In southeastern U.S. wetlands, neonatal
drowning may be a particular hazard due to lim-
ited availability of dry den sites (Hellgren and
Vaughan 1989, Weaver and Pelton 1994, White
1996, Oli et al. 1997). In flood-prone areas se-
lection for higher ground (Hellgren and
Vaughan 1989, Marchinton 1995) or for above-
ground tree cavities (Smith 1985, Oli et al.
1997) may help reduce this hazard.

Intensive forest management practices cou-
pled with past reductions in bottomland hard-
wood forests may substantially impact black
bear populations throughout the southeastern
United States. Moreover, normal forestry op-
erations in habitats that the federally threatened
Louisiana black bear occupy are not regulated
(U.S. Department of Interior 1991). This ex-
emplifies the need to examine influences of bot-
tomland hardwood forest management on black
bear populations in the Mississippi Alluvial Val-
ley. Our objectives were to determine if timber
management, elevation, or bear age affected
den selection.

STUDY AREA

The study area included 2 sites of similar
habitat located within the batture at the conflu-
ence of the White, Arkansas, and Mississippi
River systems, in Desha and Phillips counties,
Arkansas (Fig. 1). The Big Island and Mont-
gomery Island site encompassed 12,340 ha of
privately owned land that is intensively man-
aged for commercial production of hardwood
sawtimber. Our second site was 11,480 ha of the
southeastern portion of the White River Na-
tional Wildlife Refuge. White River National
Wildlife Refuge supports more den trees be-
cause of conservative timber management (U.S.
Fish and Wildlife Service unpublished forest
management plan White River National Wild-
life Refuge 1980, Smith 1985).

Elevation ranged from 40.8 to 48.2 m above
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Fig. 1. Map of study sites for black bear denning study on
Big Island and Montgomery Island, and White River National
Wildlife Refuge, Arkansas, 1992-94.

mean sea level. However, the average elevation
was 0.7 m greater on Big Island and Montgom-
ery Island than White River National Wildlife
Refuge because of its close proximity to the
Mississippi River main channel. This proximity
caused the area to have more ridge and swale
topography because of the alternate scouring
and deposition action of floodwaters. Rivers
separating study areas were from 200 to 1,600
m wide. The White River, about 200 m wide,
was the only river adjacent to White River Na-
tional Wildlife Refuge. In contrast, Big Island
and Montgomery Island were adjacent to the
Arkansas, Mississippi, and White Rivers. River
depths, widths and current velocities varied sea-
sonally, with a distinct spring flood pulse (Junk
et al. 1989). Significant flooding occurred dur-
ing 16.9% (185 days) and 22.3% (244 days) of
study duration (1993-95) on Big Island and
Montgomery Island, and White River National
Wildlife Refuge, respectively. Duration of flood-
ing was 31.9% greater on White River National
wildlife Refuge compared to Big Island and
Montgomery Island because of the difference
in mean elevations.
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Principal overstory species on both sites in-
cluded sugarberry (Celtis laevigata), American
elm (Ulmus americana), green ash (Fraxinus
pennsylvanica), box elder (Acer negundo), sweet
pecan (Carya illionensis), bitter pecan (C. aqua-
tica), cottonwood (Populus deltoides), overcup
oak (Quercus lyrata), nuttall oak (Q. nuttallii),
black willow (Salix nigra), sycamore (Platanus
occidentalis), persimmon (Diospyros virginiana),
sweetgum (Liquidambar styraciflua), and bald
cypress (Taxodium distichum; Wiseman 1982,
Smith 1985). On White River National Wildlife
Refuge, overcup oak and bitter pecan predomi-
nated, primarily because of their tolerance to fre-
quent, prolonged flooding and heavy clay soils
(Smith 1985). On Big Island and Montgomery
Island, sassafras (Sassafras albidum) and honey
locust (Gleditsia triacanthos) were locally abun-
dant on sandy, well-drained ridges.

METHODS

Black bears were captured with modified Al-
drich spring-activated foot snares (Johnson and
Pelton 1980) during June—August from 1992 to
1994. Bears were equipped with mortality-sen-
sitive radiocollars (Advanced Telemetry Sys-
tems, Isanti, Minnesota, USA) and released at
the capture site. An upper first premolar was
extracted from each bear and sent to Matson’s
Laboratory (Milltown, Montana, USA) for age
estimation (Willey 1974). We tracked radiocol-
lared females (n = 21) to winter dens and de-
termined den type (tree or ground).

Dens were pooled by study area for statistical
analyses. Difference in proportions of den types
per study area was evaluated using a binomial Z-
test for small samples (Siegel 1956). We used this
test to determine if use of tree versus ground
dens differed by area. Difference in proportions
of den types between study areas was evaluated
using a G-test (Sokal and Rohlf 1981).

We measured distance and bearing from dis-
tinct topographic features (e.g., road intersec-
tions, bayous) to plot den locations on U.S.
Geological Survey 1:24,000 topographic maps
and to determine den site elevation. We com-
pared mean elevation of tree dens and ground
dens using 2-sample t-tests. The relation be-
tween ground den elevations and age of
ground-denning females was determined using
Pearson product-moment correlation. We trans-
formed age using natural logarithms (Sokal and
Rohlf 1981:541).

Mississippi River stage data were acquired
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from the U.S. Army Corps of Engineers office
in Vicksburg, Mississippi. We used data from the
gauging station at Rosedale, Mississippi, located
opposite the Big Island and Montgomery Island
study areas about 20 km downstream from
White River National Wildlife Refuge. The river
bed slope from Rosedale, Mississippi, to the
White River National Wildlife Refuge study area
was negligible; thus, gauge reading from Rose-
dale provided an accurate measure of river stage
of the White River at White River National
wildlife Refuge (W. Hill, US Army Corps of En-
gineers, Vicksburg, Mississippi, personal com-
munication). Flood water elevations were de-
rived from stage elevations and simultaneously
adjusted for a low water reference plane of
+1.34 m and gauge elevation of 33.15 m by add-
ing 34.49 m to stage elevations. Based on river
stage data and den elevation, the probability of
inundation was calculated for each ground den
during December—April (White 1996).

We used inundation probabilities as an index
to survival because cub and den survival are like-
ly correlated. We assumed that helpless cubs in
an inundated den would perish. However, we ac-
knowledge that as cubs age their vagility increas-
es and that by mid- to late-April most cubs can
escape flooding. The elevation at which survival
probability for April asymptotically approached
0.90 was considered the critical elevation, below
which ground dens were subject to inundation.
We used April because for any given elevation,
it had the greatest probability of inundation. El-
evations with minimal April inundation proba-
bilities provide greater protection from inunda-
tion during the remainder of the denning period.
Finally, mean annual maximum and monthly
maximum mean river stages were derived from
historical river stage data and a stage duration
table, respectively (U.S. Army Corps of Engi-
neers, Vicksburg, Mississippi).

We determined mean elevation of White Riv-
er National Wildlife Refuge, and Big Island and
Montgomery Island by averaging point eleva-
tions at section centers and corners on 1:24,000
U.S. Geologic Survey topographic maps. We de-
termined point elevations every 402 m along a
north-south transect through the geographic
center of each study site, then plotted compar-
ative topographic profiles, and mean annual
maximum and mean monthly maximum inun-
dation levels.



J. Wildl. Manage. 65(1):2001

Water Level (m)

5
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 2. Mean monthly stage of the Mississippi River at Ro-
sedale, Mississippi, 1945-95.

RESULTS

We documented 35 female black bear dens
on Big Island and Montgomery Island (n = 12),
and White River National Wildlife Refuge (n =
23). Mean litter size was 2.6 cubs (range 1—3;
4 at Big Island and Montgomery Island; 3 at
White River National Wildlife Refuge). Ground
denning was more frequent (G, = 31.06, P <
0.001) on Big Island and Montgomery Island
(83%) than on White River National Wildlife
Refuge where females used tree dens exclusive-
ly. Use of the same cypress tree by the same
female during 2 consecutive winters (1993,
1994) accounted for all observed Big Island and
Montgomery Island tree dens. Most (9/10)
ground dens were in debris (e.g., cut tree tops,
log piles) resulting from timber harvests. All
ground dens were excavated depressions (ca.
1520 cm deep X 65-70 cm diam) lined with
leaves, twigs, and other ground litter raked from
the surrounding area.

Mean elevation differed between White Riv-
er National Wildlife Refuge (¥ = 44.3, SE =
0.15 m), and Big Island and Montgomery Island
(x = 45.0, SE = 0.18 m). Ground dens were
located at higher (¢35 = —7.23, P < 0.001) el-
evations (X = 46.5, SE = 0.34 m) than ground
level of tree dens (x = 43.7, SE = 0.15 m).
Moreover, ground den elevations (£ = 46.5, SE
= 0.34 m) differed (t73 = 2.92, P = 0.004) from
mean Big Island and Montgomery Island ele-
vation (£ = 45.0, SE = 0.18 m). There was a
positive relationship (r = 0.71, P = 0.03) be-
tween female age and ground den elevation.

The mean annual maximum and mean
monthly maximum river stages for the study ar-
eas were 46.2 m and 44.0 m, respectively. Mean
maximum monthly river stage occurred during
April. Mean annual maximum river stage could
occur during any month, but was most likely to
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Fig. 3. Denning period inundation probabilities by month for
42.7m (@), 44.2 m (#), 45.7 m (A), 47.2 m (W), and 48.8 m
(x) on Big Island and Montgomery Island, and White River Na-
tional Wildlife Refuge, Arkansas, 1992-94.

occur during April based on historical data
(1945-95; U.S. Army Corps of Engineers,
Vicksburg, Mississippi). Inundation probability
increased monthly during the denning period
(Fig. 3). On both study sites, the critical eleva-
tion (90% probability of den survival), below
which the probability of den inundation in-
creased rapidly, was 47.0 m (Fig. 4).

DISCUSSION

Smith (1985) and Oli et al. (1997) suggested
that White River National Wildlife Refuge fe-
male black bears use aboveground tree cavities
as natal dens to escape from seasonal flooding,
and that den trees were vital to their reproduc-
tive fitness in bottomland hardwood forests. We
found that successful black bear reproduction
can also occur in bottomland hardwood forest
that lack aboveground tree dens.

We identified 2 factors that were primarily
responsible for differences in denning behavior
and successful reproduction in both areas. First,
because Big Island and Montgomery Island are
intensively managed for timber production, few,
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Fig. 4. Survival probabilities for ground dens during April at
elevations of 43—50 m on Big Island and Montgomery Island,
and White River National Wildlife Refuge, Arkansas, 1992-94.
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if any, merchantable trees are allowed to devel-
op decay-induced cavities. Exceptions included
occasional large, hollow bald cypress trees scat-
tered throughout Big Island. Conversely, man-
agement at White River National Wildlife Ref-
uge focuses on wildlife habitat; thus, large cavity
trees, particularly overcup oaks, are abundant
(Smith 1985, Oli et al. 1997). It appears that
female black bears chose tree dens when avail-
able. Alternatively, if tree dens are unavailable,
female bears select ground-level dens in cover,
such as logging debris.

Secondly, although the mean elevation differ-
ence was only 0.76 m, this was sufficient to in-
crease ground-level inundation probability at
White River National Wildlife Refuge by 42%.
Mean ground elevation at White River National
Wildlife Refuge den tree locations was 2.7 m
lower than at Big Island and Montgomery Is-
land ground dens. Accordingly, probability of
ground-level inundation at White River Nation-
al Wildlife Refuge was 3.6 times greater than at
Big Island and Montgomery Island ground
dens.

Although areas around tree dens are flood-
prone, Smith (1985) found that the elevation of
den chambers at White River National Wildlife
Refuge (£ = 47.0m) provided protection from
flooding. Big Island and Montgomery Island
ground dens at =46.3 m approximated the level
of flood protection of tree dens at White River
National Wildlife Refuge, and may facilitate
similar reproductive success in each area. Tree
dens may provide additional protection from ex-
treme environmental conditions (Johnson et al.
1978, Smith 1985), human disturbance (John-
son and Pelton 1981), and intraspecific moles-
tation (Lindzey and Meslow 1976) that ground
dens do not provide.

The relationship between female age and el-
evation of ground dens suggested that success-
ful ground denning involved a learned behav-
ioral response to a variable environment. There-
fore, younger, less experienced females may suf-
fer more frequent losses of litters to inundation
than older females. This could slow population
growth by extending age of effective primiparity
(Caughley 1977) and increasing the mean age
of first successful reproduction. This effect may
be especially pronounced in K-selected species
such as black bear (Craighead et al. 1974, Eiler
et al. 1989). For example, in this study, a pri-
miparous 4-year-old female on Montgomery Is-
land used a ground den at 44.8 m elevation that
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was inundated during early April 1993. The lit-
ter of ambulatory cubs survived, although ele-
vations of her subsequent ground dens (n = 2)
exceeded 46.3 meters. A 3-year-old female
chose a ground den on the bank of the Missis-
sippi River at 44.5 m elevation that was inun-
dated during late February 1994. Although re-
production was not confirmed in the flooded
den, her subsequent den sites (n = 2) were at
elevations =46.3 m. Further, females >10 years
old did not select any ground den site <46.3 m
elevation.

Topographic differences unrelated to inun-
dation may affect reproductive success on
White River National Wildlife Refuge, and Big
Island and Montgomery Island. Smith (1985:
106) documented the stranding of a female bear
and her cubs in a tree for 24 weeks following
a late-spring flood. Such floods also can delay
development of important food plants (Noble
and Murphy 1975, Smith 1985). At White River
National Wildlife Refuge extensive areas were
inundated with relatively small increases in river
stage, whereas on Big Island and Montgomery
Island, more of the area was above both the
maximum monthly mean and mean annual max-
imum river stages (Fig. 3). At a river stage of
44.0 m (maximum monthly mean), Big Island
and Montgomery Island was barely inundated,
whereas nearly 40% of White River National
wildlife Refuge was flooded. The greater to-
pographic relief at Big Island and Montgomery
Island provided more and larger emergent ridg-
es during flooding, which reduced the proba-
bility that post-emergent litters on Big Island
and Montgomery Island would be stranded and
provided access to spring vegetation before
bears on White River National Wildlife Refuge.

MANAGEMENT IMPLICATIONS

In flood-prone habitats, forestry practices
may influence denning ecology of female black
bears. On Big Island and Montgomery Island
logging reduces availability of potential den
trees, but leaves cut tree tops, cull piles, and
slash that can be used by bears for dens. To
minimize the likelihood of den inundation on
Big Island and Montgomery Island, loggers
should concentrate slash at or above 46.3—
47.0m. Minimizing logging debris at low (i.e.,
=45.1 m) elevations should reduce the proba-
bility that bears will choose flood-prone den
sites. These management practices can be op-
timized by combining river stage, elevation, and
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forest planning data in a Geographic Informa-
tion System (White et al. 1996). This would en-
able managers to rapidly and accurately identify
optimal and suboptimal ground-denning sites.
On flood-prone sites such as White River Na-
tional Wildlife Refuge, maintaining and perpet-
uating extensive stands of overcup oak may be
critical to long-term fitness of local black bear
populations.
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EFFECTS OF TILLAGE ON LEAD SHOT DISTRIBUTION IN

WETLAND SEDIMENTS

CARMEN M. THOMAS, U.S. Fish and Wildlife Service, 2800 Cottage Way, Room W2605, Sacramento, CA 95825, USA
JOHN G. MENSIK, U.S. Fish and Wildlife Service, Sacramento National Wildlife Refuge Complex, 752 County Road 99W,

Willows, CA 95988, USA

CLIFF L. FELDHEIM, California Department of Fish and Game, 1416 Ninth Street, Sacramento, CA 95834, USA

Abstract: At Sacramento National Wildlife Refuge, California, we examined 2 types of deep tillage (disking
and plowing) as possible management options for reducing lead pellet densities in wetlands. In addition, we
examined the vegetation changes that resulted from tilling. Both disking and plowing moved lead pellets below
the zone of availability for dabbling ducks (>10 cm). However, plowing moved a higher percentage of pellets
into the 15-20-cm layer of sediment (P = 0.02). Similarly, plowing was more effective (P = 0.04) than disking
or controls in redistributing pellets below the deeper zone of availability (>20 cm) for tundra swans (Cygnus
columbianus). Maximum height of vegetation increased (P < 0.001) on tilled plots during the first and second
year after treatment. Tillage initially reduced percent cover (P = 0.03) and density (P < 0.001) of swamp
timothy (Crypsis schoenoides), but resulted in increased swamp timothy cover and stem density by the second
year posttreatment. Percent cover by California loosestrife (Lythrum hyssopifolium) showed the opposite trend,
with an initial increase (P < 0.001), followed by a decrease to levels similar to control plots in the second year.
In certain managed wetlands, disking and plowing can be effective management tools for redistributing residual
lead shot deeper into wetland sediments and potentially reducing waterbird mortality due to lead poisoning.

JOURNAL OF WILDLIFE MANAGEMENT 65(1):40-46

Key words: lead poisoning, lead shot, Sacramento National Wildlife Refuge, tillage, waterfowl, wetlands.

Avian lead poisoning has been a recognized
problem for >100 years (U.S. Geological Sur-
vey 1999). Shot ingestion usually occurs when
birds feed in hunted areas and inadvertently in-
gest spent lead pellets (Sanderson and Bellrose
1986). Diving ducks typically have the highest
rates of lead pellet ingestion, followed by dab-
bling and grazing waterfowl (Sanderson and
Bellrose 1986, Pain 1990). In some wetlands
with soft sediments, little residual lead shot (at

depths available to waterfowl) has been found
from 1 year to the next (Mudge 1984). In areas
underlain by hardpan clay layers, pellets are
prevented from settling beyond the level of
availability to ducks and swans, and may result
in continued lead poisoning in these areas
(Mudge 1984, Pain 1991). One such area ap-
pears to be the Sacramento National Wildlife
Refuge in northern California.

Although non-toxic shot has been required
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FORESTS OF THE CUMBERLAND MOUNTAINS

INTRODUCTION

Mixed deciduous forest covers (or originally cov-
ered) almost all of the higher mountain section of
southeastern Kentucky. This part of Kentucky, and
smaller areas adjacent in Virginia and to the south-
west in Tennessee comprise the Cumberland Moun-
tains physiographic section, at the southeastern
margin of the Appalachian Plateaus provinece. This
is a strip nearly 150 miles long in a northeast-south-
west direction, from about the Breaks of Sandy
on Russell Fork of the Big Sandy River at the Ken-
tucky-Virginia line, southwestward into Tennessee
(see map, Fig. 1). The highest and most character-
istic part is carved from a large block fault with
more or less upturned edges which form the mono-
clinal mountains bordering this section—Pine Moun-
tain along the northwest side and Cumberland and
Stone Mountains on the southeast. The interior
strongly dissected part, the syncline, includes Black
Mountain and Little Black Mountain, the Log Moun-
tains near Middlesboro, and other lesser mountains.
The western (or northwestern) limits are fairly dis-
tinet in the northern half of the section where Pine
Mountain prominently overlooks the adjacent Cum-
berland Plateau. Southward, the strongly dissected
plateau rises to elevations approximately equal to
those of the fault block mountains to the east, thus
obseuring the structural limits. This higher exterior
section may be included in the Cumberland Moun-
tains.? In Kentucky, the boundary begins to diverge
slightly from Pine Mountain south of Whitesburg,
then swings westward from Pine Mountain between
the Kentucky and Cumberland River drainage to
about Williamsburg, ineluding “Williamsburg Moun-
tain” and “Jellico Mountain.,” The northeastern
boundary of the Cumberland Mountains (from east
of Norton to the Breaks of Sandy) is rather indefi-
nite; there the Cumberlands merge into the high
dissected plateau. The boundary between this north-
eastern part of the Cumberlands (and adjacent
plateau) and the Ridge and Valley Province is,
however, very pronounced.

Because of the structural features of the area and
its physiographie history, a great variety of topo-
graphie situations and hence of habitats are included.
Longitudinal streams have cut deep valleys par-
alleling the main structural features; most important
of these is the Cumberland River and its major
tributaries, Poor Fork, Martins Fork and Yellow
Creek, and on the east side, Pound and Powell Rivers.
Into these flow short lateral tributaries with steep
gradients, streams which indent the mountain slopes,
some forming broad and shallow coves, others, deep
and narrow gorges. Such detail depends to a con-

2The term ‘‘Cumberlands’ is often popularly used to include
the entire Cumberland Plateau. The limits used in this paper

are essentially those of the Cumberland Mountains physiographic
section as defined by Fenneman, 1938.

siderable extent upon the nature of the rock which
is cut (and its dip); it affects the composition of
the occupying forest. The strata of Cumberland
and Stone Mountains on the one side, and of Pine
Mountain on the other side, are dipping; those of
the central mountain masses (Black and Log Moun-
tains) and of the outlying section are nearly hori-
zontal. The whole area, then, is a complex of
mountains carved by erosion from horizontal strata
(as Black and Log Mountains) and from more or
less strongly dipping strata (Pine and Cumberland
Mountains) ; of valleys worn down on weaker rocks
between the principal mountains, valleys in which
there are incipient floodplains and valley flats (Cum-
berland valley and its major tributaries); of short
tributary valleys of steep gradient indenting the
mountain slopes. Elevations range from about 1,000
feet along the Cumberland River near Pineville,
1,200 feet at Harlan, and 1,700 feet near Eolia in
the upper Cumberland valley, to 3,100 feet on the
Log Mountains, 3,000 to 3,400 on Cumberland Moun-
tain, 2,500 to 3,000 or over on Pine Mountain (3,200
feet at High Rock), and up to 4,250 feet on Black
Mountain at the Doubles in Harlan County (indi-
cated by A on map, Fig. 1).

The underlying rocks of the area all belong to the
Pottsville series of the Pennsylvanian, with the ex-
ception of small areas along or near the Pine Moun-
tain fault where older strata may be exposed.
Limestone outerops midway on the northwesterly
slope of Pine Mountain and along the valleys bor-
dering the area on the east. Eleswhere are sand-
stones and shales, and interbedded coal seams.

In valleys, and on the slopes of the mountains
where the underlying rock is horizontal, is a deep
soil mantle in most places scarcely or not at all re-
flecting the character of the underlying rock. Such
soils generally are graybrownerths, the zonal soil type
for the latitude. The humus layer is mull. Where
sandstones outerop on ridge crests or on the dip
slope of Pine Mountain or of Cumberland Mountain,
shallow sandy soils prevail, generally with a thin
covering of mor (duff). Such soils are immature,
and pronounced departure from the climatic vegeta-
tion type is seen.

No adequate picture of the climate of the area
may be had from available weather data. Weather
stations are few, and records have, with few excep-
tions, been kept but a short time. Middlesbhoro
(with record for 40 years) would appear to be repre-
sentative if one judged from its location within the
area; however, the 51 inches annual precipitation
there recorded gives no idea of what the rainfall on
the Log Mountains but a few miles away and about
2,000 feet higher may be. On many a summer day
when there is no rain at Middlesboro there is heavy
rain on the mountains, sometimes even enough to
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Fic. 2. A. Mean monthly precipitation at Middlesboro.
B. Mean monthly precipitation at Williamsburg. C. Mean
monthly temperature at Middlesboro.

bring streams out of their banks. As all stations in
or at the borders of the Cumberland Mountains are
in valleys, the data compiled in Figure 2, for Middles-
boro and Williamsburg, are suggestive only. Middles-
boro, at an elevation of 1,128 feet, has average annual
precipitation of 50.92 inches; average annual tem-
perature, 57° F.; highest and lowest recorded tem-
peratures, 112° and —20° F.; average minimum for
January, 27.5° F.; average maximum for July,
87.2° F.; frostless season, April 18 to October 18.
Williamsburg, elevation 939 feet, has average annual
precipitation of 49.12 inches; average annual temper-
ature, 56.8° F.; highest and lowest recorded temper-
atures, 105° and —19° F.; average minimum for
January, 27.3°; average maximum for July, 89°;
frostless season, April 17 to October 21.

VEGETATION

The deciduous forest of the Cumberland Moun-
tains is outstanding in its superlative quality. In
number of tree species, in size of individuals, in
variety of forest types it ranks as one of the finest
deciduous forest areas of North America. The mixed
mesophytic forest association is here at its best; no-
where else is it as well developed (Braun 1941).
Variations in forest composition are related to dif-
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ferences in topography, elevation and soils and por-
tray in greater or less degree the influence of these
factors.

The extent of the area included here for consid-
eration is not determined alone by physiographie
boundaries, but also by vegetation. There are dif-
ferences in complexity and luxuriance which affect
the aspect of the forests of the Cumberland Moun-
tains and adjacent Cumberland Plateau. Eastward,
the transition to the Ridge and Valley Provinee is in
places as sharp as the physiographic boundary.
Agricultural utilization, because of fertile limestone
soils in many of the valleys, accentuates the change
in aspeet.

The vegetation of the major topographic areas
of the Cumberland Mountains will be considered
separately.

The rapid decimation of forests due to recent in-
crease in logging operations impels the writer to
make available data on forest ecomposition, for it is
a matter of but very few years before no more can
be obtained. Most of the area described by Braun
(1940) in “An ecological transect of Black Moun-
tain, Kentucky,” has since been logged. Most of the
areas for which percentage composition of canopy is
given in this paper are no longer uneut; this is noted
in each case. Virgin forest of any extent is all but
gone. The present paper is extensive rather than
intensive. It includes observations made during ten
field seasons, comprising over twenty weeks in the
field.® Although there are sections in the 5,000 or
more square miles included in the Cumberland Moun-
tains which were not visited, most of the area was
traversed. The examples used for illustration are
selected from the best and most representative areas.
The emphasis throughout is on original forest. The
desirability of more detailed statistical studies than
are included here is recognized; the extent of the
area and the inaccessibility of the best sites (and
later their destruetion) precluded this. Frequent
visits to places 5 or 10 miles from any highway are
difficult; when highways came, the forest went.

THE CENTRAL MOUNTAIN AREA: BLACK MOUNTAIN
AND Lo MOUNTAINS

The dominant feature of both Black and Log
Mountains is the splendid mixed deciduous forest of
the mountain slopes. Apparently the whole syn-
clinal area is mixed forest, for here where under-
lying strata are horizontal there is generally deep
soil, in eontrast to the shallow soil over the dipping
strata of the bordering mountains. Composition of
the forest varies in relation to slope exposure and,
to some extent, to altitude. On southerly exposures,
especially at low elevations, white oak and beech are
numerically most important; on narrow ridge crests
or very steep south or southwesterly slopes, some
variant of an oak-chestnut community may prevail;
elsewhere the mixed mesophytic forest in which bass-

3 Grateful acknowledgment is made for grants, from the
American Association for the Advancement of Science in 1932
and the National Research Council in 1934-35, for aid in these
field studies.
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wood, sugar maple, tulip tree, buckeye, beech, chest-
nut, and red oak are most abundant is seen. Even
on south slopes, unless convex, or at very low eleva-
tion, enough of the characteristic trees of the mixed
mesophytic forest occur to give a decidedly mixed
aspect. This is most strikingly seen during the period
of fall coloration when the great number of species
of the mixed forest assume different hues. Then, the
small area occupied by the oak-chestnut forest is
most apparent.

Some altitudinal sequence of forest types is dis-
cernible. Beech and white oak may be numerically
important constituents of forest communities at eleva-
tions below about 2,000 feet. Above this elevation
they are absent (exeept that they reappear at nearly
4,000 feet), and other constituents of the mixed
mesophytic forest, especially basswood, buckeye,
sugar maple, and tulip tree, are proportionately more
abundant. Above 2,000 feet, sugar maple becomes
increasingly abundant (Fig. 8). At elevations of
about 3,700 feet, the admixture of birch and cherry
and the reappearance of beech, introduce a new for-
est aspect. This may be seen only on the highest
slopes of Black Mountain (Fig. 7).

Studies made in various parts of the mountains
serve to demonstrate the variations in type of forest
developing in different habitats. The central moun-
tain area may be divided conveniently into two see-

F16. 3. View of Black Mountain from Pine Mountain about ten miles above Cumberland.

E. Lucy BrAUN

Ecological Monographs
Vol. 12, No. 4
tions, separated by the north-south line connecting
Pineville (or Pine Gap in Pine Mountain) and
Cumberland Gap (see map, Fig. 1). To the north-
east are the Black Mountains of which Black Moun-
tain and Little Black Mountain are most important
(Fig. 3). To the west are the Log Mountains (Fig.
11).
BLACK MOUNTAIN

In a previous paper, most of the forest communi-
ties of Black Mountain have been considered (Braun
1940). There remain, however, a few distinet com-
munities poorly or not at all represented in the area
there treated (those of lowest and of highest slopes)
and certain areas of lesser importance, topographi-
cally young, and hence vegetationally different.

Forests of Low Elevations

On southerly slopes (southeast to southwest), a
beech-white oak forest type prevails. This generally
is poorly. preserved, for it is adjacent to cleared and
farmed valleys; its white oak generally was cut for
farm buildings or for mine props; it now is often
overrun with hogs. There are remnants, however,
which clearly indicate the widespread oceurrence in
suitable habitats of this forest type, a type consid-
ered in greater detail in connection with the vegeta-
tion of the “Monoclinal Borders,” where, on the slopes

Pines in fore-
ground on a sandstone outcrop; the valley indenting the slopes of Black Mountain is that of Colliers Creek.

This content downloaded from 157.89.65.129 on Sat, 16 Aug 2014 20:30:43 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

October, 1942

of Limestone Creek (location 17 on map, Fig. 1)
good examples remain and in the “Vegetation of
Pine Mountain” (Braun 1935), along Line Fork on
slopes opposing Pine Mountain (location 14 on map).
In places beech is dominant, and Rhododendron and
Kalmia form a lower layer. This variant, which
appears on the lower slopes of Benham Spur, may
be related to a sandstone horizon.

White oak is abundant at the lower elevations not
only in the white oak-beech type of warmer slopes,
but also in ravine and cove forests with hemlock.
This is well illustrated in the lower part of the valley
of Colliers Creek in Letcher County.

Lower elevation cove forest; hemlock and white oak
abundant; Colliers Creek, Letcher County.

Percent
Tsuga canadensis, hemloek........................ 42
Quercus alba, white oak.......................... 28
Acer rubrum, red maple........... ... ..o il 11
Quercus borealis maxima, northern red oak......... 6
Fagus grandifolia, beech.................cocvuu.. 5
Magnolia Fraseri, mountain magnolia.............. 3
Aesculus octandra, buckeye...............iuunn.. 2
Castanea dentata, chestnut........................ 2
Betula allegheniensis, birch...................... 1

Mixed mesophytic forest of lower elevations of val-
leys; white oak one of the important species; Colliers
Creek.

Percent
Liriodendron tulipifera, tulip tree................. 17
Fagus grandifolia, beech................ ..., 16
Castanea dentata, chestnut........................ 16
Tsuga canadensis, hemlock........................ 13
Acer rubrum, red maple........... .. .. ... ... 10
Quercus alba, white oak............. ... .. ... ..., 7
Quercus borealis mawxima, northern red oak......... 5
Juglans nigra, walnut......... ... . oot 3
Juglans cinerea, butternut........................ 3
Nyssa sylvatica, sour gum............ccovvviuenn. 3
Magnolia Fraseri, mountain magnolia.............. 3
Betula allegheniensis, birch....................... 2
Aesculus octandra, buckeye................... ..., 1
Carya sp., hickory................. e 1

In the first of these examples, white oak is an im-
portant constituent in the cove hemlock forest, where
the great density of canopy almost eliminates ground
vegetation. In the second, it is one of the important
constituents of the mixed mesophytic forest of the
lower elevations of valleys on the slopes of Black
Mountain.’

On northerly slopes, at low elevations, white oak
is absent; beech is proportionately more abundant,
generally constituting about 50 percent of a forest
in which several other mesophytes make up most of
the rest of the canopy. In one place, on lower north
slopes in Cave Branch of Cloverlick Creek (location
7 on map), sugar maple is second in abundance to
beech, although certainly not of sufficient abundance
to be thought of as ecodominant with the beech. This
is the only place seen in the entire Cumberland

4Jt is possible that some B. lenta is included; however,
those trees of which fruiting branches were obtained are best
referred to B. allegheniensis on a basis of fruit-bract characters.
5 This is somewhat comparable to area I of the ravine slopes
of Joe Dav Branch. previonslv considered, loc. cit., 1940, p. 209.
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Mountains in which there is any approach toward
what could be termed a beech-maple forest.

Forest of Cave Branch of Cloverlick Creek, Harlan
County.

Percent
Fagus grandifolia, beech.....................ou.. 50
Acer saccharum, sugar maple.............co0oviun. 16
Liriodendron tulipifera, tulip tree................. 10
Tilia heterophylla, basswood..........ccovuivrvunnn 8
Aesculus octandra, buckeye....................... 5
Castanea dentata, chestnut........................ 5
Magnolia acuminata, cucumber tree................
Betula allegheniensis, birch..........o.covviiieinn l
Betula lutea, yellow bireh........................ 6
Carya sp., hickory.............oooiiiiiiinnn,
Nyssa sylvatica, SOUr QUM .......c.oovvvrunreecenns

Many constituents of the mixed forest are present,
including the highly characteristic Tlia heterophylla
and Aesculus octandra, and in both canopy and
understory there are species of southerly range. The
herbaceous layer of this forest is the rich and varied
sort with an abundance of ferns, which is found in
all good areas of mixed mesophytic forest.

In secondary areas at lower elevations, white oak
is often very prominent on southerly slopes. Tulip
tree generally forms pure stands on northerly and
easterly slopes, unless erosion has been active.

Forests of High Elevations

The highest elevation in the Cumberland Moun-
tains, 4,250 feet, is reached at the Doubles on Black
Mountain in Harlan County (A on map, Fig. 1).
At these highest elevations, the admixture of birch
gives a different aspect to the forest. Topographic
situation—flat or narrow ridge top, or slope—and
direction of slope greatly affect the composition of
forest canopy and understory. (For composition of
summit types, other than those of highest elevations,
see Braun 1940, p. 229, Fig. 20.)

The summit forest was® prevailingly oak-chestnut,
with Castanea dentata, Quercus borealis maxima, and
Quercus montana the dominant trees (Fig. 4). Red
oak is much more abundant in this summit oak-
chestnut forest than in the oak-chestnut of lower
elevations. It reaches larger size than other trees of
the summit forest, sometimes 4 feet or more in di-
ameter. Locally, sugar maple, birch, cucumber, red
maple, and occasional beech were also present. Parts
of this summit oak-chestnut forest had a prominent
heath layer with the evergreen Kalmia latifolia abun-

6 The word ‘‘was’’ is used intentionally. When the area was
first visited in August, 1931, there was no indication of dis-
turbance of any sort. The chestnut blight was not apparent.
The next year, its presence was noted, and by 1935, when the
area was next visited, all the chestnut was about dead. Then,
the dead chestnut was cut out. The added light reaching lower
layers of the forest was soon reflected in vigorous growth of
chestnut sprouts, of young chestnut oak, and other saplings,
and in many places of blackberries. The aspect was greatly
changed, for instead of the rather open growth of reproduction
and luxuriant shrub and herbaceous layers, there came to be a
dense low woody growth which greatly crowded the forest shrubs
and herbs. Recently, the entire area has been logged. Hence
no high elevation forest remains. For this reason, more details
concerning lower layers of these summit and upper slope forests
is given than for other Black Mountain areas treated in this
paper. The dominance of the three tree species mentioned was
so obvious, that unfortunately no counts were made from which
to determine actual percentage comrosition of canopy.
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F16. 4. Oak-chestnut forest of summit of Black Mountain near the Doubles. Ph
before blight affected chestnut. )

F1e. 5. Red azalea (in bloom) and cinnamon fern in oak-chestnut forest of summit of Black Mountain near
the Doubles. June 30, 1932,
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dant; in places was a dense shrub layer in which the
deciduous heaths, Vaccinium pallidum, V. simulatum,
and especially the red azalea (Rhododendron cumber-
landense)” prevailed, along with other shrubs and
understory trees (Fig. 5). Elsewhere, there was no
shrub layer, although of course scattered shrubs were
present. In places, particularly on spur ridges, a
massive sandstone outerops; this locally affects the
vegetation.

Shrubs and small tree species of the summit forest
are:

Pyrularia pubera
Hydrangea arborescens
Hamamelis virginiana
Amelanchier canadensis
Amelanchier laevis
Crataegus macrosperma
Rubus canadensis

Ilex monticola

Acer pennsylvanicum

Kalmia latifolia
Rhododendron
cumberlandense
Rhododendron maximum
Vaccinium pallidum
Vaccinium simulatum
Sambucus racemosus
Viburnum acerifolium

The herbaceous layer contains a large number of
species, some of which are generally distributed,
others very local. The spring (late May) aspect of
the summit was emphasized by the many flowers of
which Geranium maculatum and Ranunculus hispidus
are very abundant. Later the abundance of cinnamon
fern (Osmunda cinnamomea) is striking (Fig. 5).
Locally, in or near heath areas, Trillium undulatum
is found.

Herbaceous plants of the summit oak-chestnut
forest are:

Aspidium marginale Cypripedium parviflorum

Aspidium noveboracense
Aspidium spinulosum
Asplentum acrostichoides
Asplenium angustum
Dicksonia punctilobula
Osmunda cinnamomea
Osmunda Claytoniana
Polystichum
acrostichoides
Pteris aquilina
Agrostis perennans
Panicum latifolium
Poa cuspidata
Carex aestivalis
Carex allegheniensis
Arisaema triphyllum
Clintonia umbellulata
Disporum lanuginosum
Erythronium americanum
Lilium canadense
Lilium superbum
Medeola virginiana
Smilacina racemosa
Smilax herbacea
Trillium erectum
Trillium grandiflorum
Trillium undulatum
Uvularia perfoliata
Cypripedium acaule

var. pubescens
Stellaria pubera
Anemone lancifolia
Cimicifuga americana
Cimicifuga racemosa
Clematis viorna
Ranunculus abortivus
Ranunculus hispidus
Ranunculus recurvatus
Thalictrum dioicum
Caulophyllum
thalictroides
Podophyllum peltatum
Sanguinaria canadensis
Dentaria laciniata
Sedum ternatum
Aruncus sylvester
Amphicarpa monoica
Geranium maculatum
Impatiens pallida
Hypericum
pseudomaculatum
Viola blanda
Viola canadensis
Viola emarginata
acutiloba
Viola hastata
Viola palmata
Viola rotundifolia

7 The azalea referred to in previous papers (Braun 1935,
1940) as ‘‘red azalea’ has since been described as Rhododendron
cumberlandense (Braun 1941a).
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Pedicularis canadensis
Conopholis americana

Viola scabriuscula
Aralia racemosa

Angelica Curtisii Houstonia purpurea
Thaspium aureum Campanula divaricata
atropurpureum Lobelia inflata

Lysimachia quadrifolia
Steironema intermedia
Gentiana decora

Asclepias phytolaccoides
Hydrophyllum virginianum
Monarda clinopodia

Aster cordifolius

Aster divaricatus
Eupatorium purpureum
Eupatorium urticaefolium
Helianthus microcephalus
Solidago Curtisii

The oak-chestnut summit forest extended a short
distance down southwesterly slopes (toward head of
Clover Fork) before giving way to the mixed forest
of upper slopes.

Percent
Castanea dentata ...........c.u.uiiuenunennnennens 47
Quercus borealis MATIMA . .........covvvreunnnean. 21
Magnolia acuminata .............coveenvenennnennn 11
Acer ruUbTUM ... e e 7
Quercus alba ...... ..t i e e 6
Nyssa sylvatica ..........c.civeiinniinenennenan, 3
Fagus grandifolia ..........c.ueiieinennnenenenns 3
Betula allegheniensis ............coveieunienvnnnn 2

In the understory were the same species (again with
red oak and chestnut most abundant) and wild cherry
(Prunus serotina) and sourwood (Ozydendrum arbo-
reum), the former of which happened to be lacking
in the canopy in this area. Slightly lower, the aspect
becomes more mesophytie, although the forest is very
similar. Beech is generally a constituent of this
forest.

On northerly slopes, at the head of Looney Creek
(location 6 on map), a mixed mesophytic forest in
which sugar maple is abundant ascends to the sum-
mit (Fig. 6). Here birch is also a frequent con-
stituent of the forest (Fig. 7). The admixture of
black cherry suggests the approach here to the alti-
tudinal band in the Great Smoky Mountains in which
cherry is so important as to be referred to loeally as
the “cherry orchards.”

Percent
Acer SACCRATUM ... vo vt i e 46
Betula allegheniensis ...........cuuuieeeuneennenn 18
Aesculus octandra ............ccouiiiiiiiiieaan 7
Tilia heterophylla ...........ccvouiiiiiiininenennn 6
Castanea dentat@ ...........cccoiiiienninennennnn 6
Fagus grandifolia ..........couiiiiiiiineneennn. 4
Prunus Serotina ......o.vvviueninurnnonneneeanns 3
Quercus borealis maxima .........c.ovvuviienennnn. 3
Frazinus aGmeriCana ...........coeeeeuuenecneanens 2
Acer Tubrum .. e e 2
Magnolia acuminata ............oeveeiueneviennons 2

This upper north slope forest was a magnificent
forest of large trees, many reaching heights well
over 100 feet and trunk diameters of 3 or 4 feet.®
Tree branches above about 50 feet are covered with
lichens, especially conspicuous being Usnea barbata.
This reflects the influence of the band of mist which

8 A fallen ash 40 inches d.b.h. was measured which was 70
feet to the first small branch, and 100 feet to where the trunk
gave off the first large branches; a fallen birch measured 100
feet from base into small branches.
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F16. 6. View of Black Mountain at the head of Looney Creek.

forest.

All slopes covered with mixed mesophytie

The open appearance of the forest along the skyline is due to season; the oaks and chestnut of the

summit forest at 4,000 ft. have not come into leaf, although the slope forests are in full leaf. May 24, 1932.

F16. 7. Forest of the north slope at the head of Looney
Creek. The nearer trees are birch. May 23, 1932.

frequently hangs about the upper mountain slopes. A
luxuriant and beautiful herbaceous layer, in which
are included a few northern and high Alleghenian
species, helped to make this one of Black Mountain’s
most beautiful forests. Here was the only known
Kentucky station for Streptopus roseus var. perspec-
tus. This herbaceous layer included:

Adiantum pedatum
Aspidium noveboracense

Aspidium spinulosum
Asplenium acrostichoides

Phegopteris Delphinium tricorne
hexvagonoptera Hepatica acutiloba
Arisaema triphyllum Caulophyllum
Allium tricoccum thalictroides
Disporum lanuginosum Podophyllum peltatum
Disporum maculatum Dicentra canadensis
Erythronium americanum Dentaria diphylla
Medeola virginiana Dentaria laciniata
Melanthium parvifiorwm Mitella diphylla

Smilacina racemosa Tiarella cordifolia

Streptopus roseus Ozalis montana
perspectus Impatiens pallida

Trillium erectum Viola affinis

Trillium grandifiorum Viola blanda

Viola canadensis

Viola scabriuscula
Osmorhiza longistylis
Hydrophyllum virginianum
Collinsonia canadensis
Monarda clinopodia

Habenaria psycodes
Orchis spectabilis
Laportea canadensis
Asarum canadense
Stellaria pubera
Actaea alba

Anemone quinquefolia

The dominance of plants belonging in a mull humus
layer is evident.

With only slight variations, this forest extends
down to the sugar maple-basswood-buckeye forest
which is so predominant at middle elevations in the
Cumberland Mountains (see forest of Joe Day
Branch, Black Mountain, loc. cit., pp. 212, 213; loca-
tion 2 on map, Fig. 1 of this paper).
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Transition to sugar maple-basswood-buckeye forest,
near summit at head of Rogers Fork of Colliers Creek
(location 3 on map).

Percent
Acer saccharum ......... .. ..ottt 40
Tilia heterophylla ...........ccou.uiiieiivnenunnnn 19
Quercus borealis maxima .............ccuuivuuuunnns 13
Aesculus octandra ..............uuiiiiiiiiiaann 7
Prunus SCrotina .........couviuiiiiiniineennans 7
Castanea dentata ...........c.ccoueeiiiinecnnnenns 7
Betula allegheniensis ...........cceueieinenenennnn 3
Magnolia acuminata .............cocvuiiiuennnnnns 3
Frazinus americana@ ...........co.ce  coerieneenons 1

Typical sugar maple-basswood-buckeye forest, Colliers
Creek.

Percent
Acer SACChRarum . .......... .. .t 36
Aesculus octandra ....... ... i, 25
Tilia heterophylla ..........c.coviiiiiiiininnennn 23
Liriodendron tulipifera ..............ccoiiiein.. 4
Carya@ SP. oo vvviii it i e e e 3
Frazinus ameriCan@ .............oeeeeeenenenanens 3
Quercus borealis maxima ...........c.civiieiininn 2
Castanea dentata .............ccviiiiiiiinnennns
Magnolia acCumMinat@d ..........c..coeeuenmeneennnnnnn 1
Juglans cinerea ..........cooeiiiiiiiiiiiniaanaas 4
JUGLANS NIGra ..o ovit it i i e
Betula allegheniensis ..........coeevivennnecanens
Magnolia Fraseri ..........ccoeeiiueninenneannans

Fic. 8. Sugar maple is dominant in this forest on the
upper slopes of Black Mountain near the head of Col-
liers Creek. May 4, 1934.
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F16. 9. Sugar maple-basswood-buckeye forest of middle
elevations on Black Mountain, near the head of Colliers
Creek. Large sugar maple to right, tulip tree to left,
and buckeye and sugar maple beyond. May 4, 1934.

The aspect of the transition forest, in which sugar
maple may be dominant, and of the sugar maple-
basswood-buckeye forest is illustrated by Figures 8,
9 and 10.

River Bluffs

As a result of lateral planation, spurs of Black
Mountain are in places truncated, and a topograph-
ically young habitat produced. Where actual eliffs
are formed, various rock plants occur. Even the
steepest slopes, if a little soil has acecumulated, sup-
port an assemblage of tree species—usually young
individuals—indicating the early establishment of
mixed mesophytic forest. Hemlock is generally a
constituent of the forest of these truncated faces.
Where more massive rock is exposed, heath shrubs
are conspicuous.

LOG MOUNTAINS

To the west of Middlesboro the Log Mountains rise
to elevations a little over 3,000 feet (Fig. 11). As
on Black Mountain, some phase of mixed mesophytic
forest prevails except on the most xerie situations.
The highest altitude types of Black Mountain are
lacking, the sugar maple-basswood-buckeye type ex-
tends almost to the top on mesic slopes. Loeally,
red oak is abundant, especially at the highest eleva-
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F1g. 10. Basswood and sugar maple in the sugar maple-basswood-buckeye forest on Black Mountain near
the head of Colliers Creek.

F16. 11. View of the Log Mountains with the cleared valley of Laurel Fork in the foreground. The forest
areas represented by chart, Figure 12, are on the upper slopes.
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tions where it mixes with the sugar maple-basswood-
buckeye forest and with the chestnut of the summit
ridges, and on mesic southerly slopes above about
2,500 feet. The accompanying chart, Figure 12, is
designed to show the shift in dominance with chang-
ing slope exposure, and the abundance of white oak
and beech on south slopes (7 of chart) at slightly
lower elevations (location 8 on map, Fig. 1).

In luxuriance of herbaceous layer the mixed meso-
phytie forest of the Log Mountains is comparable to
that of Black Mountain. Apparent exceptions are
due to the rooting by hogs, which in many sections
of the mountains have roamed more or less at will
for perhaps a century or more. Where the herbaceous
layer appears poor, if a habitation is near (within a
half-mile or a mile), and if there is no “hog law”
which requires confinement of these animals, hogs
are the cause.

The forest of the lower mountain slopes is, on the
drier southern exposures, the beech-white oak type
(seen along the slopes of Yellow Creek, location 9,
and of Clear Fork, location 10). On more mesic

AREA NUMBER |1 23145167
2/6 64 29

MUMBER or TREES 45109 4528

Acer saccharum

Tilia heterophylla +

Aesculus octandra

Lirjodendron lulipifera

Quercus borealis maxima

Castanea dentata

Quercus montana

Quercus alba

Fagus grandifolia

Corya spp.

Fraxinusamericana

Magnolia acuminata

Nyssa sylvatica

Robinia pseudo-acacia

Juglans nigra

Juglans cinerea

Prunus serotina

Fra. 12. Percentage composition of canopy of forest
communities on Log Mountains near head of Laurel Fork
(location 8 on map, Fig. 1). The direction of slope
shifts around the head of the valley, from north in areas
1 and 2 to south in area 7. Area 4 extends higher up
the slopes than do other areas, approaching a ridge
crest; area 6 illustrates a convexity of slope; area 7 is
nearly 1,000 ft. lower than the upper part of area 4. (In
all the charts, percentages are shown by solid black por-
tion of square; percentages less than 5, by bars reaching
a proportionate distance across the base line.)
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lower slopes is a more typical mixed mesophytic
association with beech, white oak, sugar maple, bass-
wood, buckeye, tulip tree, and a sprinkling of other
species. Wherever white oak becomes abundant,
basswood is less prominent.

On lower northerly exposures, where slopes are
very gentle, beech may be dominant and the aspect
approach that of the beech consociation of valley
flats which is of frequent oceurrence in the area of
the mixed mesophytic forest. A forest in Laurel
Fork (location 11 on map) is of this type (Fig. 13).

Percent
Fagus grandifolia .........c.ccueeuieueeeeennnnnns 58
Quercus alba ...... ... e e 9
Liriodendron tulipifera ............civeeiiueennn. 8
Acer TUDTUM o ovit i i 7
Castanea dentata ..........ccouiiiiieinennnneennns 6
Nyssa sylvatica .........couoeieeeniieneenennannns 5
Tilia heterophylla .......ccoveiiiiiiininiennnnnns
Tsuga canadensis ...........eeeeeueeneneeneenenns 1
Quercus borealis maxXiMa .........cviiiiiiiiiian 7
Acer SaACCRATUM ..o i it i e e
Magnolia acuminat@ .........c..cooveuiuiinnennnnens S
Carya oVatA ....ovivt it i i e

Rhododendron maximum is prominent near the
streams. In some ravines, hemlock is abundant; its
oceurrence bears little or no relation to slope
exposure.

In general the forest of the Log Mountains, like
that of Black Mountain, is mixed mesophytic through-
out, execept as interrupted by tongues of oak-chestnut
forest on the driest ridges. The mixed mesophytic
forest with beech prevails at lower elevations; higher,
the sugar maple-basswood-buckeye type prevails.

THE MoONOCLINAL BORDERS: PINE, CUMBERLAND,
AND STONE MOUNTAINS

The most striking feature of the inner (dip) slopes
of Pine and Cumberland Mountains is the large
amount of pine in some parts of the forest. This
interruption to the prevailing deciduous forest is cor-
related with shallow sandy so'ls overlying the dip-
ping sandstone strata. Pine is more conspicuous on
Pine Mountain, where the direction of the dip slope
is southeast, than on Cumberland Mountain, where
the northwesterly direction of the slope to a slight
extent offsets the effect of shallow soils. Wherever
deeper soils accumulate, deciduous forest dominates.

The steeper scarp slopes of both these mountains,
the northwest slope of Pine Mountain, the southeast
slope of Cumberland Mountain, support deciduous
forest. That on Pine Mountain is of a more lux-
uriant type, due to the northwesterly direction of the
slope which increases its mesophytism. However, the
southeast slope of Cumberland Mountain appears to
have been eovered with mixed mesophytic forest, per-
haps with a higher percentage of oaks and hickories.
In contrast to the corresponding searp slope of Pine
Mountain, forests of Cumberland Mountain are al-
most entirely secondary, due doubtless to ease of
access from the adjacent agricultural valleys.
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PINE MOUNTAIN

The dip slope of Pine Mountain almost everywhere
descends to longitudinal valleys skirting its south-
eastern base. From the valley, or from the opposing
mountain sides, this slope of Pine Mountain seems
to he very uniform, and more or less horizontally
banded with pine and deciduous forest. However, it
is deeply cut by transverse streams whose valleys in
places are deep gorges, in others widen into deep
pockets or even open troughs. Although such valleys
open to the south, they are always well watered and
their forests present astounding contrasts to the ap-
parently continuous xeromesophytic forest of the dip
slope. Many of the features of the vegetation of
Pine Mountain have already been treated by the
writer.” Additional studies south of the gap at Pine-
ville substantiate the general features previously
deseribed and add new data. In Kentucky Ridge
State Park™ are some remarkably well preserved
remnants of forests in ravines of the dip slope. It
is possible, with few interruptions, to get the sequence
from mountain summit down into deep hemlock
gorges (location 15 on map). Minor streams here

9 “Vegetation of Pine Mountain, Kentucky” (1935). The

specific features of vegetation described in th s paper are based
on observations in Loatcher and Harlan counties.

10 Kentucky Ridze State Paik is on Pine Mountain south of
Pineville, not on “Kentucky Ridge”’ which extends north and
west from Pine Mountain north of Pineville and is the divide
between the Kentucky and Cumberland River drainage.

Fia. 13.

E. Lucy Braun

Beech forest of Laurel Fork in the Log Mountains. June 23, 1935.

Ecological Monogzraphs

Vol. 12, No. 4
do not have longitudinal sections in troughs high on
the mountain as is more generally true farther north
c¢n Pine Mountain (Braun 1935). Instead, they may
follow a falrly direct course down the mountain.
Near the head of such a stream, the ravine is little
more than a coneavity on the south slope. Lower, it
cuts into the sandstone, which in places stands as
almost vertical cliffs. There is a pronounced change
in forest composition correlated with this change in
character of the ravine, a change from oak forest to
one in which hemlock is the most abundant species.
Occasional forest areas of south exposure on the
slopes of the ravine are comparable in composition
to the forest of the ravine head. In the deeper parts
of such ravines are magnificent forests, about half
hemlock, with a wealth of Rhododendron mazimum.
Stewartia pentagyna is abundant anywhere that hem-
lock and Rhododendron do not prevail. One of these
areas is known as “Hemlock Gardens.” From the
lower opposing slopes of Clear Creek (location 16 on
map) none of these features are noticeable. There
seems to be searcely a break in the oak-pine slope.

A study of representative areas in the several com-
munities distinguished illustrates the differences in
canopy composition and the change from the oak-
chestnut forest of the upper mountain slopes to the
hemlock forest of gorges (Fig. 14). The understory
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FoRresTS OF THE CUMBERLAND MOUNTAINS

AREA NUMBER |7 2 3 4 5

MNUMBER oF JREES |59:56 /49293150

Quercus monlane  \puumm .

Castanea dentata * * %

Carya spp-

Nyssa sylvatica

Quercus velutina

Pinus echinata

Quercus coccinea

Oxydendrum arboreum

Sessafras varijfolium

Magnolia macrophylla

Juglans cinerea

Fraxinus americana

Magnolia acuminata

Quercu s borealis maxima

7ilia heterophylla +

Acer rubrum

Betula allegheniensis

Quercus alba

Liriodenaron tulipifera

fFagus grandifolia

TSuga canadensis

Fi16. 14. Percentage composition of canopy of forest
communities in Kentucky Ridge State Park on Pine
Mountain near Pineville (location 15 on map). Illus-
trates change from oak-chestnut forest of upper moun-
tain slopes to hemlock forest of gorges. Areas 1 to 4 in
sequence from head of ravine down into ‘‘Hemlock Gar-
dens’’; area 5 in another nearby ravine. Asterisk in
chart indicates that dead chestnut may have been re-
moved. See also Table 1.

in all cases is similar to the canopy. The great dif-
ference between shrub and herbaceous layers of the
several communities is evident from the lists (Table
1); areas 1 and 2 belong to the oak-chestnut forest
and have nothing in common with the more meso-
phytic communities, areas 3, 4, and 5. However,
these mesophytic forest communities differ strikingly
in their herbaceous layer from the luxuriant mixed
mesophytic forests of Black and Log Mountains
(¢f. lists, pp. 421, 422 and Braun 1940).

The “summit” of Pine Mountain is almost every-
where the broken edge of a dipping stratum which

427

forms ecliffs at the top of the scarp slope. There are
no summ:t ridges in the same sense that these occur
on Black and Log Mountains. There is, of course,
variation in the sharpness of this contact between
dip and scarp slopes, and there are few nearly level
summit areas, generally in the vicinity of gaps (Fig.
15). Where prominent cliffs oceur, there may be
almost no forest vegetation along the mountain erest
(as at High Rock, location 12 on map; loc. cit.
1935). Generally, however, there is an open oak or
oak-pine forest in which the following trees may
ceeur :

Castanea dentata
Pinus rigida

Pinus virginiana
Carya alba

Carya glabra
Oxydendrum arboreum

Quercus coccinea
Quercus falcata
Quercus marilandica
Quercus montana
Quercus stellata
Quercus velutina

Every crack in the cliffs is ocecupied by shrubs, most
prominent of which are Rhododendron mazimum,
Rhododendron catawbiense, Kalmia latifolia, Vac-
cinium spp., Gaylussacia baccata, and in places,
Philadelphus hirsutus. On less extreme parts of the
summit, tulip tree, walnut and shell-bark hickory
oceur in a chestnut oak forest.

The scarp slope (northwest slope) of Pine Moun-
tain is almost an unbroken slope, everywhere sup-

F1a. 15.

part of summit of Pine Mountain about 15 miles south-
west of Pineville.

Open chestnut oak forest of flat-topped
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TABLE 1.

E. Lucy Braun

Ecological Monographs
Vol. 12, No. 4

communities of upper slopes (areas 1, 2) and ravine forests in which hemlock is a dominant (areas 3, 4, 5).

Undergrowth of forest communities shown in Figure 14, illustrating contrast between oak-chestnut

UNDERSTORY TREES, FERNS 2
CANOPY SPECIES 712|345 712131415
Adiantum pedatum X
Quercus montana XXX Aspidium noveboracense X | x|x
Castanea dentata % | x Aspldium marginale X X
Carya spp. x | xx Aspldium spinulosum X X
Nyssa sylvatica X | x Asplenium acrostichoides X
Quercus velutina X Asplenium angustum X | X | X
Pinus echinata X Dicksonia punctilobula X X
| Quercus coccinea x {1 1| Osmunda cinnamomea X [ X
Quercus borealls maxima x x| X Phegopteris hexagonoptera X
Oxydendrum arboreum X | x X | X ' Polypodium virginianum X [ x
Sassafras variifolium x| x "Polystichum acrostichoides XXX
Magnolia macrophylla X | X Pteris aquilina X
Juglans cinerea X
Fraxinus americana x HERBS
Magnolia acuminata X x| x
Tilia heterophylla X Andropogon scoparius X
Acer rubrum X | X X Panicum spp. X
Betula allegheniensis XXX Sorghasirum nutans X
Quercus alba X Arisaema quinatum X
Liriodendron tulipifera x | X | X Arisaema triphyllum X | x | x
Fagus grandifolia x| x Alelris farinosa X
| Tsuga canadensis x| x ntonia umbellulata X X
sporum lanuginosum X
UNDERSTORY TREES, Medeola virginiana X[x|X
NOT IN CANOPY Trillium erectum X
Dioscorea quaternata X X
Robinia Pseudo-Acacia X|x|{x| | | |[Iris cristata X | * | x
Diospyros virginiana X Calopogon pulchellus %
Amelanchier canadensis X | x Cypripedium acaule x [ x
Cornusg florida X | X[ x| X% Epipactis pubescens X X
Ilex opaca x| x Microstylis unifolia x.
Magnolia tripetala - XXX Laportea canadensis x
Juglans nigra 11 X Pilea pumila x|x
Tladrastis lutea — X | [Asarum arifolium x | X
Stellaria pubera X
SHRUBS AND WOODY CLIMBERS Actaea alba X
Clematis virginiana X
Aralia spinosa. X | X Ranunculus recurvatus X
Benzoin aestivale X Corydalis sempervirens X
Bignonia capreoclata X Heuchera longiflora X
eanothus americanus X Tiarella cordifolia X
Clethra acuminata x| x[Ix Desmodium nudiflorum X
Evonymus americanus X Desmodium pauciflorum X
Hamamelis virginiana X X Lespedeza spp. X | X
Hydrangea arborescens X x Oxalis montana X
Kalmia latifolia X | XX Euphorbia corollata X
Psedera quinquefolia X Viola blanda X [x [ X
Rhododendron cumberlandense | X X Viola hastata x| X
Rhododendron maximum XX [ X Viola rotundifolia X | X|X
Rhus Toxicodendron X Circaea lutetiana X
'Rubus sp. X X Aralia racemosa X
Sambucus canadensis X Panax quinquefolium X
Smilax glauca X Osmorhiza longistylis X
Stewartia pentagyna X [ x Gerardia laevigata X
[Vaccinium sp. X [ x oustonia tenuifolia X
Vaccinium s%amineum X [ x| x [ Mitchella repens X X
Vaccinium vacillans X | X | X nitennarfa plantaginifolia X
Viburnum acerifolium X Aster divaricatus X X
Vitis aestivalis X Aster surculosus X
Vitis bicolor X Brachychaeta sphacelata X
Chrysopsis graminifolia X
GROUND HEATHS Chrysopsis mariana X
Elephantopus tomentosus X
Chimaphila maculata x x| |Eupatorium purpureum X
[Epigaea repens X X Bupatorium urticaefolium X
Gaultheria procumbens X Helianthus sp. X
Galax aphylla X % | % Solidago caesia X
Solidago odora X
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porting mixed mesophytic forest. Occasional low
limestone cliffs may slightly interrupt this forest.
Such breaks are unimportant, although the limestone
cliffs do afford local habitats for a variety of plants
not found within the forest. If not too steep, the
limestone bench is cultivated, and occupied by patches
of corn.

Longitudinal ecreeks generally skirt the northwest
base of Pine Mountain and between their headwaters
mountain spurs extend out connecting Pine Mountain
with adjacent irregular ridges. In the south these
ridges are as high or almost as high as Pine Mountain
and merge into the extensive exterior section to the
west. Near the southern border of Kentucky on Pine
Mountain, studies were made on the northwest slope
of Pine Mountain and the opposing southeast slopes
across Limestone Creek (location 17 on map). Here
in absolutely unbroken forest, the entire sequence on
both slopes was available.™

Viewed from the summit of Pine Mountain (Fig.
16) the forest appears to be entirely mixed meso-
phytie, except for small patches of pine on eliffs of
the opposite mountain face (south slope). Variations
in relation to slope exposure and topography are

11 Much cutting has since been done, and a limestone quarry

for road material opened up, where in 1935 there was virgin
forest.

ForgsTs oF THE CUMBERLAND MOUNTAINS
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seen, notably the higher proportion of oaks and ab-
sence of basswood (except very low) on the south
slope; the large amount of beech in the valley of
Limestone Creek and extending a short distance up
both slopes; the abundance of tulip tree on both
slopes; the prevalence of the sugar maple-basswood-
buckeye-tulip tree forest over much of the northwest
slope; and the admixture of chestnut almost through-
out the forest.

On the Pine Mountain slope, the change from
beech dominance on the lower slope, to the sugar
maple-basswood-buckeye-tulip tree association-segre-
gate of the mixed mesophytic forest (Fig. 17) which
continues almost to the top, is clearly shown. Tulip
tree is an important constituent of the higher part
of this community (Fig. 18). On the upper slopes,
the greater abundance of chestnut may be noted.
The sequence of communities encountered from base
to summit on the northwest slope, and from wide
ravine floor to headwaters along the longitudinal
stream at the base of the mountain are closely com-
parable (see chart, Fig. 19). It should be noted
that the sugar maple-basswood-buckeye-tulip tree
forest is here at a lower elevation (1,500-2,000 feet)
than it usually occurs on Black or Log Mountain.
This entire area of mixed mesophytic forest was a
forest striking in the large number of tree species

F16. 16. View northwest from Pine Mountain (on the Bell-Whitley County line at location 17 on map),
showing a portion of the high dissected area of the Cumberland Mountains west of Pine Mountain.
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munity of the northwest slope of Pine Mountain above

In the sugar maple-basswood-buckeye com-

Limestone Creek (area IIL of chart, Fig. 19). The
large tree is buckeye (Aesculus octandra), with papaw
(Asimina triloba) at its base.

it contained, and the large size attained by many of
the individuals.”

The herbaceous layer is the luxuriant type so
prevalent in the Cumberland Mountains. There is
no rhododendron in the valley (probably a reflection
of the limestone substratum for which the creek is
named), and almost no hemlock. A slight influence

of the limestone is seen in the specific content of
lower layers.

The forest of the opposing south or southeast
slopes (Fig. 20) lacks the luxuriant aspect of the
herbaceous layer. The greater proportion of oak
inereases the exposure to sunlight in spring (due to
late leafing of oak), affects the nature of the humus,
and hence affects herbaceous growth. Fewer ferns,
more legumes (Desmodium and Lespedeza), more
xeromesophytes (as Erigeron pulchellus, Salvia
lyrata), and higher, occasional heaths (Oxydendrum,
Vacecinium) emphasize the contrast with the north
slopes. Outeropping sandstone layers near the top
of the slope (area 6 of chart, Fig. 20) introduce loeal
features.

12 A few examples of tree sizés may be of intrest: Magnolia
acuminata, 55 ins., d.b.h.: Aesculus octandra, 47 ins. d.b.h.;

Fagus grandifolia, 49 ins, d.b.h.; Juglans nigre,, 36 ins.,
d.b.h.; Sassafras variifolivin, 24 ins., d.b.h.

E. Lucy BrAUN

Ecological Monographs
Vol. 12, No. 4
The contrast in the opposing slopes of Limestone
Creek appears to be not entirely due to slope exposure.
A resistant sandstone outeropping on the south slope
(there is none on the Pine Mountain slope) locally
inereases the xerophytism and accounts for the occur-
rence of pines. With this exception, these southerly
slopes are essentially like south slopes studied on
Black Mountain (Braun 1940).

CUMBERLAND AND STONE MOUNTAINS

No major longitudinal valley skirts the inner base
of Cumberland and Stone Mountains; in places there
are valleys, but they are not econtinuous. The inward
(northwest) slope of these mountains is much more
irregular than is the inner slope of Pine Mountain
and in many places there are short more or less par-
allel ridges between them and the interior area.

The Virginia slope of Cumberland Mountain is
oceupied by mixed mesophytic forest, but in general
lacks the basswood that is so abundant in more typical
parts of that forest. On lower hills along the base
of the mountain, beech and white oak are abundant;

. in places, there is basswood. Actually, most of the

forest cover is secondary, and only from evidence
obtained in scattered stands is it possible to recon-
struct something of the general forest type, which
seems to accord well with the usual southerly slope
aspects of the Cumberland Mountains.

Fic. 18.

buckeye-tulip tree community of the northwest slope of
Pine Mountain above Limestone Creek.

Tulip trees in the sugar maple-basswood-
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1000 ft ——

AREANUMBER |V IV IT IT' [ 7:2‘3:435

55 92 55 5766|144 102 107 7/ 62

NUMBER of TREES
Fagus grandifolia

Acer saccharum

— .
Liriodendron tulipifera —
Tilia heterophylla + .
Aesculus octandra
Castanea dentata
— —— o

Magnolia acuminata

Fraxinus americana

Quercus montana

Quercus alba

Quercus borealis maxima

Carya spp.

Nyssa sylvatica

Juglans cirerea

Juglans nigra

Cladrastis [utea

Robinia pseudo-acacia

Umus americana

Magnolia tripetala

Carpinus caroliniana

Sassafras varigfolium

Morus rubra

Acer rubrum

Tsuga canadensis

F1a. 19. Percentage composition of canopy of forest
communities (at location 17 on map) on the northwest
slope of Pine Mountain, and along Limestone Creek, a
longitudinal stream at the foot of the mountain. The
profiles of the mountain slope and of the stream (steep-
ness exaggerated) suggest the confluence of communities
I and 1 in the valley. Area 5, just over the divide from
the head of Limestone Creek, is included to show differ-
ences in forest due to slope exposure. See also Figure 20.

The dip slope of Cumberland Mountain south of
Cumberland Gap descends to the valley of Little
Yellow Creek, now Fern Lake (location 18 on map).
Although this is a northwesterly slope, the vegetation
is remarkably similar to that of the southeast slope
of Pine Mountain, with oaks and pines prominent in
the canopy, and herbaceous and shrub layers made
up of about the same species, although in places they
appear to be more luxuriant. Where the dip slope
faces almost north, the forest is prevailingly chestnut
oak, with chestnut, hickory and tulip tree also abun-
dant. The undergrowth is mesophytic. Ravines are
similar to those of the dip slope of Pine Mountain
with beech, hemlock, tulip tree, red maple, and white
oak, and an undergrowth in which are Cornus florida,
Magnolia tripetala, Rhododendron maximum, Kalmia

ForesTs oF THE CUMBERLAND MOUNTAINS
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latifolia and a variety of deciduous shrubs. Ravine
slope forests soon give way laterally to the prevailing
oak-pine of the mountain slope. The structural and
soil features appear to be more important in their
control of vegetation than does slope exposure. All
parts of Cumberland Mountain which have been seen
are so modified by fire and cutting that no detailed
studies were made.

Farther north, on Stone Mountain, the general
vegetational features of Pine and Cumberland moun-
tains are seen. Pines prevail wherever there is sand-
stone outeropping on dry slopes. When, inward, the
strata become horizontal, the aspect at once changes,
the whole becomes mixed mesophytic forest, for no
longer are there shallow soil areas over dipping
sandstone rocks.

THE OUTLYING AREA: MOUNTAINS EXTERIOR TO THE
Favur Brock

Beyond the limits of the fault block (that is, the
highest and most characteristic part of the Cumber-

600/

AREA NUMBER |1 2 3 ¢ 5. 6 7 8
NUMBER o JREES |82 44.1/7 37 42 34 56 26

Quercus coccinea

Quercus montana

Castanea dentata

NMyssa sylvatica

Liriodendron tu/ipifera

i

Quercus borealis maxima

Quercus alba

fagus grandifolia : T

7ilia heterophylla
Juglans nigra

Caerya spp.
Acer saccharum

Acer rubrum

Fraxinus americana

Magnolia acuminata

Quercus velutina

Robinia pseudo-acacia

Pinus rigida

Pinus echinata
Cornus florida *
Magnolia tripetala™

F1e. 20. Percentage composition of canopy of forest
communities on the south slope of Limestone Creek. See
also Figure 19. Cornus florida and Magnolia tripetala,
usually species of the understory, rarely approach a
canopy position.
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land Mountains), a large area to the west and south-
west 1is sufficiently similar topographically and
vegetationally to be included in the Cumberland
Mountains. Mixed deciduous forest prevails through-
out this outlying portion of the Cumberland Moun-
tains, except where occasional outerops of massive
sandstone interrupt the otherwise even although steep
slopes, or cap high ridges. In such places, pine
generally mingles with oaks, although nowhere is it
conspicuous as on Pine Mountain. Because of the
lesser relief and lower summit altitudes in the out-
lying area than in most of the more typical parts
of the Cumberland Mountains, none of the higher
altitude features are seen; the sugar maple-basswood-
buckeye-tulip tree community is poorly represented
or absent; beech goes nearly to the tops of the ridges,
hence is a constituent of most of the forest com-
munities, except those of dry narrow ridge tops.

The mixed mesophytic forest is, then, more homo-
geneous (if a mixture may be thought of as homoge-
neous) ; that is, there is less regrouping of dominants
and formation of association-segregates. Individual
stands therefore more closely approach the abstract
concept of mixed mesophytic forest. Variations in
composition in relation to slope exposure are seen,
most conspicuous of which is the white oak-beech of
south slopes. However, these variations are not often
distinet enough to recognize as distinet communities.
Altitudinal variations do not complicate those induced
by slope exposure.

The western part of the Cumberland Mountains in
the vicinity of Williamsburg and east of Pine Knot
is a maturely dissected area of strong relief, topo-
graphically distinet from the adjacent submaturely
dissected Cumberland Plateau. This topographic
difference accentuates a vegetational boundary that
would otherwise be obscure. Mixed mesophytie for-
est with almost pure secondary groves of tulip trees
on northeast slopes eontrasts with the oak, oak-pine
or beech woods of the flatter areas of the Plateau.

Northward, however, the Cumberland Plateau is
more maturely dissected and rises gradually toward
Pine Mountain, although everywhere with summit
elevations lower than Pine Mountain. Here there is
no other houndary than the structural one which is
Pine Mountain. However, the forests of the higher
dissected area near to Pine Mountain are distinectly
of the Cumberland Mountains type, hence are in-
cluded here. This will include the headwaters areas
of the Kentucky River drainage southwest of Whites-
burg, namely, the upper part of Leatherwood Creek,
of Middle Fork, and of Red Bird River.

North and east of the northern terminus of Pine
Mountain is a high strongly dissected part of the
Plateau which extends east between the Cumberland
Mountains and the Allegheny Mountains to the Ridge
and Valley Province. There, the mixed mesophytie
forest of the Cumberlands is continuous with that of
the Plateau, and across it into the Allegheny Moun-
tains of West Virginia. This area of dissected pla-
teau is adjacent to and scareely distinguishable from

E. Lucy Braun

Ecological Monographs

Vol. 12, No. 4
the northern end of the Cumberland Mountains in
Virginia. This area in Virginia to the northeast of
Flat Gap is in the drainage basin of Russell and
Levisa Forks of the Big Sandy River. Much of it is
very deeply dissected and rugged; the ridge-tops are
very narrow, and the streams in places are in deep

gorges. The whole area is occupied by mixed meso-
phytic forest. Within the range of the picture (Fig.
21) are:

Fagus grandifolia Magnolia acuminata

Tilia heterophylla Nyssa sylvatica

Tilia sp. Tsuga canadensis

Acer saccharum
Liriodendron tulipifera
Quercus borealis maxima
Aesculus octandra
Castanea dentata

Betula allegheniensis
Juglans nigra

Juglans cinerea

Oxydendrum arboreum
Carya ovata

Acer rubrum

Quercus alba

Carpinus caroliniana
Cornus florida
Magnolia tripetala

Beech goes almost to the top, even on west slopes;
in places on southerly slopes the crowns of beech and
tulip tree project above the top of the ridge. White
oak is more abundant on drier slopes.

Studies in three areas to the west of Pine Moun-
tain are included : the forest of Lynn Fork of Leather-
wood Creek, in Perry County (location 19 on map);
of Nolans Branch of Red Bird River in Clay County
(location 20); and of Bueck Branch of Jellico Creek
in Whitley County (location 21).**

LYNN FORK OF LEATHERWOOD CREEK

The forest of Lynn Fork of Leatherwood Creek
was the most magnificent area of deciduous forest,
surpassing anything else in the Cumberland Moun-
tains or elsewhere which the writer has ever seen
(Figs. 22-30 and Table 2). Here was “a forest of
superlative beauty, forest of towering trunks, of
luxuriant undergrowth, of exquisite ground cover.”

Changes in slope exposure are reflected in changes
in relative abundance of the constituent species of
the canopy, yet everywhere except on the encireling
ridges some phase of mixed mesophytic forest pre-
vails (Fig. 23).

On southerly, southeasterly, and southwesterly
slopes, white oak, heech, and in places tulip tree, are
most abundant. White oak is here a tree with tall
columnar trunks about four feet in diameter. In
narrower parts of the valley, and in the viecinity of
sandstone ledges, hemlock mingles with the deciduous
species, but assumes a position of dominance only in
a few places. The influence of the conifer leaf litter
and of continuous shade is seen in the changed char-
acter of the lower layers of the forest. The mixed
mesophytic forest with hemlock has the greatest den-
sity of any forest community in the area (Fig. 24).

13 Lynn TFork of Leatherwood was logged soon after these
studies were made and before some additional desirable data
concerning white oak reported to be important on another slope
were obtained; the forest of Nolans Branch has doubtless been
cut as logging operations in upper Red Bird River were al-

most within hearing distance in 1935; the forest of Buck
Branch was intact in the spring of 1939.
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Locally, the ravines broaden into small areas known
as “bottoms” (Fig. 29). These are not alluvial bot-
toms, merely nearly level areas. Toward the upper
part of the right branch of the Left Fork of Lynn
Fork, tulip tree increases in abundance and in size;
trees average 14 feet in circumference. Beech and
tulip tree (Fig. 25), and higher, sugar maple and
tulip tree (Fig. 26) are the dominant species. The
largest tulip tree known in or near the Cumberland
Mountains grew here (Fig. 27). The undergrowth is
exceedingly luxuriant, including a great variety of
herbaceous plants and many large ferns (Fig. 26).
The humus layer is deep mull.

On the highest slopes and ridges the more char-
acteristic species of the mixed mesophytic forest are
rare or absent. The forest is dominantly chestnut
oak and chestnut, with an ericaceous undergrowth
(Fig. 30).

Studies were made along the route shown on the
accompanying map, Figure 22. These illustrate the
great amount of variation in composition that is
possible with little change in constituent speecies, ex-
cept on the highest ridges, and the essential con-
tinuity of a mixed mesophytic forest throughout the
drainage basin. The accompanying chart (Fig. 23)
illustrates the variations in forest composition in the
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Left Fork of Lynn Fork. A brief characterization
of areas distinguished follows:

1. Slope south to southeast; steep.

2. Slope south and less steep.

3. Valley narrower.

4. Low in narrow valley: slope strewn with sand-
stone blocks; much Rhododendron maximum.

5. South slope at fork of creek. A heavy sandstone
layer locally affects ground vegetation; Galax
and Epigaea abundant.

6. More open valley (Fig. 24); soil of south slope
probably shallow because of heavy sandstone
layer now beneath surface; trees of slope not so
large.

7. South slope; much white oak reproduction in a
small area of windfall.

8. Reflects slight influence of a sandstone horizon.

9. Lower ravine slope; soil dark, not sandy.

10. Rich mesophytic aspect (Fig. 25).

11-12. Slopes gentle to steep on sides of cove or
valley head; deep mull; very luxuriant aspect,
many large ferns (Figs. 26, 27).

13. Upper slopes of cove; less luxuriant aspect.

14. Near 5, and near fork of creek; sugar maple
very conspicuous in understory (Fig. 28).

Fi1¢. 21. View in the rugged and deeply dissected portion of the Cumberland Mountains in the Russell Fork
drainage northeast of Norton, Va.
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E. Lucy BrauN

Higher on slightly convex southeast slope.

South-southeast slope, slightly eonvex; white

oak appears to be replacing dead chestnut.

Lowest ravine slopes and “bottoms” (Fig. 29).
Westerly slope, reflected in greater abundance

of white oak and beech. Red azalea (R. cumber-
landense) in full bloom July 12.

Higher southwest slope, somewhat transitional to

A south-southwest sloping ridge (not apparent

larger proportion of

Kalmia layer; soil

15.

16. Slightly concave part of slope.

17.

18.

19.

20.
oak-chestnut forest.

21.
on topographic map);
chestnut on less steep parts;
sandy (Fig. 30).

22.

Uppermost slopes and ridge-top, divide between
Lynn Fork and Oldhouse Branch;

shallow soil

over slightly dipping sandstone; aspect of south-
east slope of Pine Mountain.

TABLE 2.

Undergrowth of forest communities of Lynn Fork forest shown in
herbaceous plants of areas 20, 21, and 22 are, with few exceptions, different from

Ecological Monographs
Vol. 12, No. 4

The most striking single feature of the Lynn Fork
forest is the high percentage of tulip tree in the area
as a whole, and especially in the northeast-facing cove
which is the head of the right branch of the Left
Fork of the creek (Figs. 26, 27). Here the tulip
trees tower above all other species, and sugar maple,
which anywhere else would look large, forms a second
layer in the forest. Beneath these are the usual
smaller trees of the understory. Timber cruises show
27 percent of the trees of this drainage basin to be
tulip tree, comprising an estimated 58 percent of the
board-foot volume of lumber. This latter figure em-
phasizes the large size of these trees.

Beech is abundant in all communities except those
at highest elevations (areas 13, 21 and 22 on chart,
which are above 2,000 feet). On southerly slopes,
the abundance of white oak, with beech, is evident
(areas 2, 6, 7, 17 of chart, Fig. 23). On southwest

Figure 23. Note that the
those of all other communi-

ties. The herbaceous layer is important in distinguishing oak-chestnut communities.
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slopes (illustrated by area 20) beech comprises 17
percent of the oak-chestnut forest. In the deepest
ravines, beech is associated with hemlock.

Chestnut is present in almost all eommunities,
ranging from the most mesophytic hemlock-beech
forest of deep ravines, to the dryest sandstone ridge-
tops, where associated with chestnut oak and pine.
As in the Black Mountain area (Braun 1940) its
presence, even in abundance, can not be taken as an
indication of oak-chestnut forest. The lower layers
of the forest (shrub and herb) and the nature of the
soil and humus layer will distinguish the oak-chestnut
communities (Fig. 30 and areas 20, 21, 22 of chart,
Fig. 23). Chestnut is, of course, nearly dead as a
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result of blight. What will take its place in the
future forest must be determined for each eommunity
separately. Usually it is one of the less tolerant
species of the community: chestnut oak (Quercus
montana) in the oak-chestnut areas; white oak in
communities in whieh this species is well represented
(as 17 of chart); sugar maple in the more meso-
phytie communities.

The undergrowth of the Lynn Fork forest varied
from place to place, both in luxuriance and in com-
position (see Table 2). The species of the last three
communities (20, 21, 22 of Fig. 23 and Table 2),
which comprise the oak-chestnut forest of the area
(Fig. 30), are almost all different from those of the

TN

e
o
o\

Contour interval 50 feet

Fia. 22.

ville topographic sheet.

Topographic map of the drainage basin of Lynn Fork of Leatherwood Creek (location 19 on map,
Fig. 1). Numbers give location of forest communities distinguished on chart, Figure 23.

Adapted from Cornetts-
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remainder of the forest. Sandy soil (where sand-
stone substratum is not far below surface) affects to
a slight extent the undergrowth of a few communities
(for example, 4, 5, 6, 8). The richest undergrowth
and the deepest mull is in the tulip tree-sugar maple
forest of the right branch of the creek (areas 11, 12),
illustrated in Figures 26 and 27. The beech-tulip
tree area (area 10 and Fig. 25) is almost as rich.

NOLANS BRANCH OF RED BIRD RIVER

Areas studied on Nolans Branch were less con-
tinuous than those in Liynn Fork. The series selected
represents differences in slope exposure, with little
altitudinal range (see chart, Fig. 31). Regardless
of exposure, mixed mesophytic forest prevails. There
is no massive rock in the area, hence all slopes are
about equally reduced, and nowhere exceedingly steep.
One small area on a northerly slope approaches the
sugar maple-basswood-buckeye-tulip tree type of the
higher Cumberlands. Elsewhere, beech is present,
although variable in amount. Every community is
mixed, and even on southwesterly slopes where chest-
nut oak is abundant, all of the more characteristic
mesophytic species except buckeye are present.

BUCK BRANCH OF JELLICO CREEK

Buck Branch of Jellico Creek is an eastward-flow-
ing stream only a few miles from the western border

E. Lucy BrauN

Ecological Monographs

Vol. 12, No. 4
of the Cumberland Mountains east of Pine Knot
(location 21 on map, Fig. 1). Although the low
vegetation has been somewhat affected by hogs and
sheep, most of the species are probably represented
in sheltered or inaccessible spots. The tops of large
sandstone blocks lying on lower slopes (derived from
higher strata which form the ridge crests) are veri-
table flower gardens with Sedum ternatum, Arisaema
triphyllum, Smilacina racemosa, Trillium Hugeri,
plants which should be abundant throughout the
ground layer. In respect to canopy, the forest is a
virgin stand affording opportunity for study of
ravine and slope forests of different exposures. The
similarity of the ravine and north slope forests is
apparent (Fig. 33). The topographic locations of
areas distinguished on the chart are shown in Figure
32. On the lower south slopes, the beech-white oak
or beech-white oak-tulip tree forest type prevails,
giving way upward to oak-tulip tree and finally, on
the rocky very steep uppermost slopes, to chestnut
oak forest with an open heath layer and sparse sandy
soil herbaceous flora. On these highest slopes the
rocky immature soil is covered by a thin layer of
mor. Elsewhere the mull humus layer of the mixed
forest prevails. These differences are reflected in the
composition of lower layers (Table 3). Farther
downstream (and below this area of uncut forest)

AREANUMBER |1 2 3 4|5 6.7 .8 9 /011 /2 /3|14 /5/6/7 /8 /9|20 2/ 22

NumBER of TREES |10 3581 55|74 73.39 17 4646 8/ 3/ 36|58 45 9/ 39 50./8|30.7¢ 49
Fagus grandifolia L 266262 5 3.3
Lirtodendron tulipifera L /84./6.0. 1 | 6]
J5uga canadensis : 08./0.5
Quercus a/ba 05103 7 46
Acer saccharum ——— 84 82
Castaonea dentata — 60.58. 4/ 268
Acer rubrum 43.42 7 8
Betula allegheniensis Lo 36 35
7ilia heterophyl/a o N L 33 32
Nyssa sylvatica L __' 28 27 2 /3]
Quercus borealis maxima _ o 20 2.0
Carya spp. — - /918, 7 .6
Magnolia acuminata I AV
Juglans nigra 9 -9
ﬁa_yno//'a Fraseri AL O U N O D .y 7 7
Aesculus octandra | | : 13 .3
Quercus montana ‘ 3 :.3.59364
Fraxinus americana 2 2
Juglans cinerea 170
Pinus rigida - 17 /1.0
Pinus echinate £ 33|
Quercus coccinea 3 d

Fia. 23. Percentage composition of canopy of forest communities in Lynn Fork of Leatherwood Creek (loca-

tion 19 on map, Fig. 1).
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hemlock oceurs locally on low sandstone cliffs near
the stream level.

BevoND THE LimiTs oF THE CUMBERLAND
MoOUNTAINS

In order to contrast the forests of the Cumber-
land Mountains with those on the adjacent maturely
dissected plateau, Figure 34 is included. Beyond the
limits of the Cumberland Mountains (at location 22
on map, Fig. 1), forest composition on various slope
exposures, in ravines, and on ridges was determined.
This area is representative of a considerable part of
the maturely dissected plateau of low relief, about
500 to 700 feet; it is neither representative of the
more deeply dissected parts nor of the dissected mar-
gin of the plateau, in both of which areas there are
typical mixed mesophytic forests.
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Loeal variations occur on the several slope ex-
posures, due to irregularities in steepness and to
slight differences of slope exposure introduced by
convexities and eoncavities of slope. Beech extends
about half way up south and west slopes and two
thirds or more of the way up east and north slopes.
Tilia is prominent on north and east slopes, absent
from south and west slopes. Ridges vary as to domi-
nance of chestnut oak or scarlet oak; nowhere is
chestnut a dominant in the ridge forest. As com-
pared with the Cumberland Mountains, there is a
striking inerease in the dominance of beech and of
white oak, and an equally striking decrease in the pro-
portion of other dominants of the mixed mesophytic
forest—basswood, buckeye, sugar maple, tulip tree,
red oak—yet all are present, and in actual number
of tree species this forest compares favorably with

TABLE 3. Undergrowth of forest communities of Buck Branch forest shown in Figure 33.
UNDERSTORY TREES HERBS
CANOPY SPEGIES NsMeIA// R/ \R2|R3\Ra|S/ |S2|s3| A aIN2 Vi | Rl | Rz B3| 4) St | 52,53 K
P
Pagus grandifolia X|X|X|x|x X xx e:t:cu:l’:ﬁ:cglom )):
| Acer saccharum X[ [xIx[xx{xfx[x{x]x Arisaema triphyllum x * | X [ X [ X | X
e;iulus oct.andﬁ X x{x x Luzula sp. X
Tilia heterophylla X|x x| x | Disporum lanuginosum b.3
Castanea dentata x Erythronium americanum | X[ x| X[ X[ X|X|X
Liriodendron tulipifera X X x | x edeola virginiana X
Quercus montana x| X I X Polygonatum biflorum XX
Quercus alba X XIRIR SmiYTacina racemosa X X IXIx[X
Carya alba * x Trillium erectum X | X %
arya cordiformis x| x Trillium grandiflorum x| X
::;: c%:‘t::l X % ' Trillium Hugeri _ XX x1x
X X Uvular r
Quercus borealis maxima X X x [x m:,;'co’:ﬁz'ﬁng fpllatg XX *
Fraxinus americana x [ x[x x [ x| x [x Iris c?rsﬁ&”"' x| x
Nyssa sylvatica % X [ x| X Aplectrum hyemale x 171 1" T
Quercus velutina x 'TPT.\ISria discolor - b3 ]
Magnolia acuminata X X 'E%ﬁ-’fe(?:amdensu X x I O
|Acer rubrum X x{xX[x]|x Asarum arifolium X
_.]ug%a.ns nigra XX x ellaria pubera XX X
Cladrasiis Tulea x [x X X . [Claytonia caroliniana X[ X x| x
uglans cinerea X Claytonia virginica X
mus alata X Anemone quinquefolia X
Liquidambar styraciflua X Anemonella thalictroides XIX|X X[ XX X| % p3
Robinia Pseudo-Acacia x Cimicifuga americana X
Cimicifuga racemosa X (X | X xX|x!ix
SMALL TREES AND SHRUBS Hepauc:gicutiloba : X x| X
Amelanchier canadensis x X g:num:ﬁﬁ: 2::3:-3::“ X ); X *
Asimina triloba x| x[ x| x| x[x x| x Caulophyllum thalictroides 3 X[ x| x]x
[Benzoin aestivale x| X [Podophyllum peltatum x [ XX X|x%
Carpinus caroliniana X Ix|[x|x X Sangui naria canadensis X[ x %
Cercis canadensis X Gardamine parvifilora X
Cornus florida X[ XX XX [ X[ X[ X [X[ XX Dentaria diphylla x
Crataegus sp. X |Dentaria heterophylla X{x|X[x[®]x]X
Gaylussacia baccata x Dentaria laciniata XIX]XR!IX
Hmnﬁ%rbotescem x| x [Sedum ternatum x x|x x[x X
[Oxyden arbo?”{? < XXX X Heuchera americana X X 3
Psedera quinquefolia X X! X [folia
Rhododendron cumberlandense x X Poz:[onl' 1§°§3,‘,§ 1',‘\:13 x X X
Rhus Toxicodendron X x| % |Potentilla pumila X
Smilax glauca X Dsemodium rotundifolium X
Smilax Bona—nox Xl x Lesped Spp. X
[ Vacciniua arboreum X Vicia caroliniana XXX
Vaccinium simulatum XXX Oxalis violacea X x [ XX
Vacciniun stamineum 3 X} [Geranium maculatum X [x
Vaccinium vacillans x x| % [Tmpatiens pallida X
[Ascyrum hypericoides S
FERNS ola htrﬁtu a X
/iola papilionacea X
Adiantum pedatum X ix|x[x x|x Viola l:eghriuacula x| X
Aspidium noveboracense x x Paniax quinquefolium X X
[ Asplenium acrostichoides X% |x (Panax trifolium X
\spleniun angustifollum X [Erigenia bulbosa x[x|%x %
|Asplenium angustum X Chimaphila maculata x
H!% enium platyneuron X Phlox divaricate x X X%
otrychium virginianum x X [Cynoglossum virginianum X x
Camptosorus rhizophyllus x Nyosotis macrosperma X
Phoegopteris hexagonoptera x| x{x x]x unila origanoides x| X
Polypodlum virginianum x Gonopholis americana x
olystichum acrostichoides X|x|x X %] x loustonia caerulea X XIx[X
Antennaria plantaginifolia X X
[Coreopsis major x1X
[ Eupatorium urticaefolium XX XXX | X[x]X
Hieracium venosum X | X
Krigia virginica x
Solidago caesia X
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forests in the Cumberland Mountains. Here also,
chestnut is mueh less abundant, and Carya (all
species taken together) is much more abundant than
in the Cumberland Mountains.

The topography, and the poorer soil, appear to be
related to stratigraphie horizon, and thick shale beds.
As a result, a poorer type of mixed mesophytic for-
est has developed, a forest not referable, however,
to any other major association. Because of slower
water penetration into the shales and subsoils de-
rived from them, erosion of humus is more rapid
after clearing than it is on more porous soils. Seec-
ondary forests in such areas are prevailingly oak-
hickory. It may be features of this sort which have
influenced some to map the plateau as “oak-hickory”
(Kendeigh 1934). Only on a few ridge crests is
there any primary oak-hickory. There it occupies the
same situations as does oak-chestnut and is its eco-
logieal equivalent; both are physiographic climaxes
in the area of the mixed mesophytic association.

ForEsT COMMUNITIES OF LARGER VALLEYS

Although the emphasis in the present paper is
upon climax and physiographic climax forest com-
munities, consideration of seral stages of river valleys
is of importance, both because there are features
here not common to the whole deciduous forest, or

Fia. 24.
tree, white oak, beech and sugar maple are abundant in this part of the forest. June 14, 1933.

E. Lucy BrAUN

Looking south from area 6 of map, Figure 22, in the Lynn Fork forest.

Ecological Monographs
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even to the whole area of the mixed mesophytic eli-
max, and because successional development demon-
strates the establishment of a mixed mesophytie forest
on valley floors essentially like that of mountain
slopes.

THE VALLEY FLOORS

Few areas of natural vegetation remain on valley
floors. There is so little land suitable for cultivation
in the Cumberland Mountains, that almost every acre
of relatively level land is utilized, unless it is ad-
jacent to streams and subject to frequent overflow,
or is swampy or poorly drained. Seral vegetational
stages occupy such places. A few very small areas
of forested mesic valley flats along small streams
have been seen; these always support mixed meso-
phytic forest. In larger valleys scattered trees or
groups of trees left along roads may be used as
evidence from which to reconstruct the mesophytie
forest types of valley floors.

Stream Margins

In many places, mountain slopes descend direetly
to stream margins; slope forest with no admixture
of river border trees may continue to within a few
feet of the stream (Fig. 35). Depositing shores,
even if narrow, usually have a fringe of trees of

Hemlock, birch, tulip
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species not general elsewhere. The widely distributed
streamside trees—sycamore, black willow, box elder,
white elm and silver maple—are of course present,
although not all are to be expected in any one area.
River birch (Betula migra) is conspicuous and in
many places is the most abundant tree (Fig. 35).
Sweet gum (Liquidambar styraciflua) is sometimes
abundant. Ulmus serotina may be present. In places,
more or less extensive sycamore flats are seen; sweet
gum is usually mingled with the sycamore, and Mag-
nolia tripetala may be abundant as an understory
tree—flats of Red Bird River below Beverly (Fig.
36). Bamboo (Arundinaria macrosperma) is some-
times abundant.

Immediately back of the margin, an admixture of
mesophytic species indicates the early replacement of
marginal species when habitat conditions permit. In
fact, the forest of mesic valley flats may in places
have no horder of marginal species. If depositing
areas are small (and hence shaded by adjacent for-
est) and variation in stream height little, or periods
of overflow of very short duration, as is true of some
smaller streams, trees of the climax forest may pio-
neer in the bare areas of deposition. Young hemloek,

FoRresTS OF THE CUMBERLAND MOUNTAINS

439

beech, tulip tree, red and sugar maple, together with
sycamore initiate a new community on the depositing
shore.

Swampy or Poorly Drained Flats

West of Pine Mountain and near to the Cumber-
land River, wide valley flats extend into the moun-
tains from the Cumberland Plateau like narrow
tongues. Little of the original forest remains; the
scattered trees indicate former occupancy by swamp
forest in which sweet gum, willow oak (Quercus
phellos), swamp white oak (Quercus bicolor), winged
elm (Ulmus alata) and red maple were important
species. On slightly higher flats, southern red oak
(Quercus falcata) is common, generally associated
with sweet gum and sometimes with beech. Swamp
meadows and alder thickets (secondary vegetation)
are of frequent oceurrence.

Within the Cumberland Valley above Pine Gap,
swamps are small and local, confined to cut-offs and
seepage areas near the base of mountain slopes.
Somewhat larger swamps occur in the valley of Clear
Creek. Although adding to the diversity of vegeta-
tion and increasing the flora of these mountains, such
areas are ecologically unimportant.

F16. 25. Beech and tulip trees prevail in area 10 (map, Fig. 22).

picture gives some impression of relative sizes.
June 14, 1933.

The figure beside tulip tree in center of
The herbaceous layer and low woody layer are very luxuriant.
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Fia. 26.

folium, are conspicuous in the luxuriant ground cover.

Nature Magazine.

Mesic Valley Flats

Small areas of low alluvial or sandy terraces border
the Cumberland River and some of its tributaries
above Pine Gap. On a few of the smallest of such
areas, secondary forests have developed; elsewhere
the land is utilized and only scattered trees along
roads remain as evidence of the former mixed meso-
phytie forest, which contained beech, tulip tree, white
oak, chestnut, walnut, butternut, basswood, red maple,

In a grove of giant tulip trees (area 11); ferns, Asplenium angusti-

June 14, 1933. Courtesy

sweet birch, hemlock, and doubtless other species. It
is said that in some places rhododendron formed
impenetrable thickets in this forest. The low slopes
lead'ng to sueh terraces were occupied by mixed
forest.

Young secondary forest on small terrace remnants
(in the upper Cumberland Valley and along Clear
Creek) contains, in addition to a number of the meso-
phytic tree species mentioned above, Cornus florida,
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Magnolia tripetala, M. macrophylla, Nyssa sylvatica,
Diospyros virginiana, Aralia spinosa, Cercis canaden-
sis, Ilex opaca, Clethra acuminata, Stewartia penta-
gyna, Hamamelis virginiana, ete. In places where
the soil is very sandy, pines (Pinus rigida, P. vir-
giniana) sometimes form dense groves.

LOW HILLS OF THE MIDDLESBORO BASIN

Areally unimportant, but ecologically interesting,
are the low hills in the Middlesboro basin. As most
of these are oceupied by the outskirts of the city of
Middlesboro, only fragmentary evidence remains con-
cerning their forest cover. Oaks prevail; the soil is
the yellow-red prevalent southward. The combina-
tion suggests an outlier here of the oak forest type
of the red and yellowerths, the zonal soil type to the
south of the area of the mixed mesophytic forest.

DISCUSSION

The Cumberland Mountains are the center of dis-
tribution of the mixed mesophytic association of the
deciduous forest (Braun 1941). Here variations in
composition of the mixed forest due to shifting domi-
nance or changing numerical importance of species
give rise to association-segregates, some of which help
to demonstrate the relationships and mode of origin

Fiae. 27.

Tulip tree (area 12), 23 feet in cireum-
ference 4 feet above the up-slope side of the base.
Ferns and Aralia racemosa in foreground. June 14,
1933.
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of the great climax units of the deciduous forest.
Large size attained by individuals, large number of
species comprising the forest, and wide range of habi-
tat occupied by many of the climax species further
demonstrate that here is the optimum area for mixed
mesophytic forest.

Large size of individuals—a feature of a center of
distribution—is apparent from figures of diameters
and photographs in this and preceding papers.
Aesculus octandra (Fig. 17) frequently exceeds the
size range of this species given by Sargent (1933),
as do also Magnolia acuminata, Castanea dentata
(straight columnar form), Quercus borealis var.
maxima and others. Tulip tree reaches enormous size
(Fig. 27). Sugar maple (Fig. 8) is larger than in
the Great Smokies.

The number of species of the forest canopy, often
twenty or over, is a feature of the mixed mesophytie
forest, a feature strikingly emphasized in October
during the period of fall coloration, and evident on
all the charts of percentage composition.

The wide range of habitats ocecupied by climax
species in the forests of the Cumberland Mountains
is readily ascertained from charts of forest composi-
tion in this and previous papers (Braun 1935, 1940).
Most conspicuous in this respeet is beech. Frequent
repetition has been made of the presence of heech
in south slope communities and of its higher alti-
tudinal range on warm (south or west) slopes. In
addition, beech is a constituent of ravine forests and
of many ridge crest communities. Beech in the Cum-
berland Mountains, the center and optimum area of
the mixed mesophytic forest, has a wide habitat
range. This is in contrast to the narrower habitat
range of this species toward the geographic limits
of the mixed mesophytic association (especially in
the ecotone between the mixed mesophytic and oak-
hickory climaxes). There it is often confined to the
most favorable sites. For example, in western Ken-
tucky where oak-hickory forest prevails, beech oceurs
on the more mesophytic ravine slopes and in gorges
where may be seen outliers (relics) of the mixed
mesophytic forest. In the Knobs region of Indiana,
beech is more generally confined to northerly slopes,
while oak-hickory forest occupies the southerly slopes
(Potzger & Friesner 1940).

As was pointed out in the Black Mountain area
(Braun 1940), chestnut has an exceedingly wide
community range. It is present in almost every eom-
munity in the Cumberlands (see percentage lists and
charts) from the drier ridge ecrests to the most
mesophytic ravine communities with hemlock, and
on alluvial flats.

The position of tulip tree in the climax mixed
mesophytic association of the deciduous forest may
be questioned, just as is that of white pine in the
northern hardwood or Lake forest (Nichols 1935,
Graham 1941). Tulip tree is an abundant species
in certain ecommunities, especially in some areas of
the sugar maple-basswood-buckeye association-segre-
gate. It oceurs commonly in deep ravines with hem-
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Fig. 28. Beech, tulip tree, and sugar maple (in area 14); sugar maple is very
abundant in the understory. July 12, 1935. ’

Fi1e. 29. Small more or less flat areas such as this (area 18) are often referred to as ‘‘bottoms.’’ Ferns
(Aspidium noveboracense) and Kalmia beneath the beech, hemlock, and sugar maple. July 12, 1935.
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Fic. 30.
southwest sloping ridge (area 21) with a small tree
layer in which dogwood is a subdominant, and a shrub

Chestnut oak-chestnut forest of a south-

layer of Kalmia. July 12, 1935.

lock and beech; it is one of the dominants in the
chestnut-sugar maple-tulip tree association-segregate.
In faet, it is present in most communities but less
abundant in the more xeric ones. Apparent tolerance
is influenced by favorable habitat factors (Toumey
& Korstian 1937). Although generally considered as
an intolerant tree, Liriodendron in the Cumberland
Mountains reacts to the optimum conditions of this
area, thus displaying ‘an apparent tolerance which
may largely account for its presence in a wide variety
of communities. It may thrive in the open, as demon-
strated by the many small secondary stands of this
species. These, however, generally ocecupy sheltered
situations—lower ravine slopes or coves on northerly
mountain slopes. These cove forests of secondary
tulip tree are a conspicuous feature of the Cumber-
land Mountains. Or, it may reproduce in the shade
and in competition with other constituents of the
mixed mesophytie forest. In almost every eommunity
studied in which it is a constituent of the eanopy,
thriving young individuals are seen, just as are young
sugar maple, beech, and chestnut.

In a few areas of primary forest where Lirioden-
dron is especially abundant, this abundance may be
due to accident centuries ago. The secondary cove
forests of today, two or three centuries hence, might
resemble certain local areas seen in forests of north-
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erly slopes. One such place was seen on Pine Moun-
tain near the head of Limestone Creek (not included
in chart). In one area in Lynn Fork where especially
abundant, beech and sugar maple (large), together
with other species of the mixed forest, might be con-
sidered as forming a layer below the canopy of
Liriodendron. In such places, it might be considered
as a remnant of a seral stage following, for instance,
a tornado of the past. However, the general occur-

DIRECTION oF SLOPE |NNE N NWWSW|ALL

NUMBER oFrTREES (132 39 .87 /46 P4
Fagus grandifolia 227
Liriodendron tulipifera /47
Castanea dentata /28
Quercus montana /tzz
Acer saccharum , _ qg
Tilia heterophylla 54|
Aesculus octandra 54
Quercus alba _ 38
Nyssa sylvatica 32
Magnolia acuminata 29
Betula allegheniensis 29
Carya spp. 2./
Acer rubrum /3
Quercus borealis maxima 8
Juglans nigra 5
Robinia pseudo-acacia 5
Juglans cinerea 3
Fraxinus americana 3
Quercus velutina 3
Oxydendrum arboreum 3

F1a. 31. Percentage composition of forest communi-
ties in Nolans Branch of Red Bird River (location 20
on map).

F1a. 32.
tions, in Buck Branch forest, of areas distinguished in
chart, Figure 33.

Sketch designed to show topographie loeca-
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rence of Liriodendron cannot be explained on a basis
of past catastrophe. Neither does it appear that
local windfalls, or the dying of canopy species, are
necessary for the species to assume a canopy position.
It would be difficult to aceount for its abundance and
wide community range by accident alone. In most
places, it appears to be as much a true constituent
of the climax as do any other of the dominant species.

Ecological Monographs
BrAUN 3

Vol. 12, No. 4

The most characteristic species of the mixed meso-
phytic forest appear to be Tilia heterophylla® and

14 Unfortunately, the taxonomic status of forms of Tilia in
the mountains seems open to question. 7. heterophylla is used
here in a broad sense, and may include other species (as T.
Michauxii) with leapes whitened beneath. Still other species
of Tilia, with leaves green beneath, also occur. Because of
height of trees and inaccessibility of flowering and fruiting
branches, no attempt has been made to separate the species or
varieties in the determination of percentage composition. The
most abundant form is, however, the one with leaves whitened
beneath, which appears to be typical T. heterophylla.

AREA NUMBER |N3iN2 N/|Ri1 Rz R3.R4|S1:S2 S3| K TNTR TS
NUMBER oF TREES |45:49i47|64:7/:34:7/|58:77:58|29 /4/:240/73
Faqus Qrandifolia 2/.3,379:/5.0
Acer saccharum 29.8:208 5]
Aesculus octandra _ : 9.9 58
Tilia heterophylla+ __L_ 99 7.1, 5
Castanea dentata 3538 /15
Liriodendron fulipifera — 36 38/45
Quercus montana — 7 4228
Quercus alba 7. Q202
Carya spp 4.3 25 7.8
Carya ovata 64 2.1' 1.5
Quercus borealis maxima 50 217 26
Fraxinus americana+ 7:29 /0
Nyssa sylvatica 4 57
Quercus velutina 3./
Magnolia acuminata 7i 2.4 .5
Acer rubrum 15
Juglans nigra 2/ /2
Cladrastis Jutea 29
Jug/ans cinerea 7 4
Umus americana VAR
Ulmus alata 5
Liquidambar styracifiua 2./
Robinia pseudo-acacia K

Fig. 33.
21 on map).
See Figure 32 for topographic locations of communities.

Percentage composition of canopy of forest communities on Buck Branch of Jellico Creek (location
North slope, south slope, and ravine forests distinguished by N, 8, and R, respectively; K, knobs.
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T H 7] dominance of the mixed mesophytic elimax. North-

SLoPE Ra:V:SiE W Ri ward, their ranges terminate about where the mixed
NUMBER or TREES : mesophytic forest ends (see Schaffner 1932, and map

/9a§8z 12675 i/04.207

fagus grandifolia

Quercus alba

Quercus montana

Castanea dentata

Quercus velutina

Acer saccharum

Carya g/abra

Carya sp.

7ilia heterophylla

Quercus coccinea

Liriodendron fulipifera

Carya ovata

Nyssa sylvatica

Quercus borealis maxima

Juglans cinerea

Carya cordiformis

Magnolia acuminata

Acer rubrum

Aesculus octandra

Fraxinus emericana

Oxydendrum arboreum

Juglans mnigra

Ulmus americana

Carya alba
Betula lenta

Sassafras variifolium

Fi16. 34. Percentage composition of canopy of forest
communities of different slope exposures, of ravines, and
of ridges near Peabody on Red Bird River (location 22
on map).

Aesculus octandra, although either or both may drop
out before the geographical limits of this association
are reached. Both are numerically important con-
stituents of the mixed mesophytic forest of the Cum-
berland Mountains. Neither is a constituent of any
other than mixed mesophytic forest. That the ranges
of these species coincide fairly well with the limits
of the mixed mesophytic forest is emphasized by a
consideration of the limits of their ranges. Neither
is listed by Fosberg and Walker (1941) for the Shen-
andoah National Park, which is east of the area of

of distribution in Indiana, Deam 1940). Westward,
these species drop out in the broad ecotone between
the mixed mesophytic and the oak-hickory forests.

Climate alone is not sufficient to account for the
dominance of this climax in this area. Past physio-
graphic history, and the influence of the major soil
type or zonal soil type (a reflection of climate) must
also be considered.

A climate characterized by abundant and well-dis-
tributed precipitation and great temperature range
with eold winters and hot humid summers marks this
area (see Fig. 2). Westward the tendency to sum-
mer droughts is greater; southward the winters are
more open. Dry summers are detrimental to the
most mesophytic species. Aesculus octandra is the
first of these species to be affected by deficient water;
leaf-fall (due to dryness) may oceur in July. Ob-
viously, where summer drought is the rule, such a
species would be eliminated because of shortness of
the vegetative season. Open winters favor leaching
of the soil, reducing its fertility. This is reflected
in the development of the red-and-yellowerths, less
favorable to mixed mesophytic forest, and generallv

Fie. 35.
Cumberland. Steep forested slopes of Black Mountain

Poor Fork of Cumberland River above

descend to river on the right. On the left, river birch
(Betula nigra) overhangs the stream.
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occupied by some type of oak or oak-pine forest.
The development of the mull type of humus layver is
inhibited on leached and acid soils. These soil fae-
tors, dependent on eclimate and affected by forest
type, are in turn influential in maintaining the mixed
mesophytie forest.

Wherever, within the area of the Cumberland
Mountains, the optimum area of mixed mesophytic
forest, the influence of underlying rock is so strong
as to overcome the regional foreces (as on dipping
sandstone strata of Pine Mountain, and locally on
sandstone ridges) the mixed mesophytic forest is in-
terrupted. Some other forest tvpe, generally oak-
chestnut or pine, develops, maintaining itself as a
physiographie elimax on such dry slopes and ridges.
Poorer soils, derived from some of the non-calcareous
shales of the Pottsville series, sometimes result in an
inerease in the proportion of heech, if habitat factors
are otherwise favorable to the development of the
mixed mesophytie forest. The limits of the Cumber-
land Mountains vegetation are perhaps accentuated
in places because of this. As an example, note the
composition of forest communities near Peahody (at
location 22 on map) a few miles up Red Bird River
from Big Creek and some twenty-five miles down-

Fig. 36. Red Bird River near Nolans Branch. Meso-
phytic forest comes almost to the water’s edge on the

slope in the center of the picture.
side on flatter shores.

Sycamore on either

E. Luvcy BravN

Ecological Monographs

Vol. 12, No. 4
stream from its source, and 15 to 20 miles downstream
from Nolans Braneh (location 20).

Throughout the Cumberland Mountains, the domi-
nance of mixed deciduous forest is evident. From
any eminence from which one may view a thousand
feet or so of mountain slope with its ravines and
ridges, it is the impression of mixed forest which
prevails. Some localization of species will appear here
and there, but only near the ridge crests does any
great change in forest take place. It is only closer
observation within the forest that discloses the niee-
ties of variation in composition and makes possible a
correlation of these variations with habitat fluetua-
tions. The recognition of association-segregates he-
came a necessity in interpreting the forest as a
whole (Braun 1935a). TUnless all are recognized as
integral parts of the climax, an interpretation of
some of them as seral stages would bhe necessary.
There is no evidence for this. If an hypothetical
climax is conceived, which approaches in composition
some one of the communities actually present, which
shall be selected? And if miecroclimates resulting
from the great diversity of topography are to he set
aside in picturing a “regional” climate, what shall
that climate he? The climate of the peneplain which
may presumably some day occupy this location eannot
be the climate of a mountainous area. The climate
of the area together with the innumerable temper-
ature and moisture variations—the mieroclimates—is
a climate largely affected by the mountains which
influence summer rains. The mixed mesophytie for-
est with its several association-segregates is the re-
sponse to these conditions. Its areal distribution has
been affected in the past by physiographic changes
and accompanying climatic changes. Tt finds, in an
area of mature topography resulting from the dis-
section of the ancient Cumberland peneplain (mid-
Tertiary), and unaffected by later peneplains (as
was the Ridge and Valley Provinee) an optimum
area where is preserved a mixed forest enriched
through the ages by migrations into it, and little
affected by the profound changes which affected
deciduous forest farther west and farther north.

SUMMARY

The area studied comprises the Cumberland Moun-
tains physiographic section located in southeastern
Kentucky and adjacent Virginia and extending into
Tennessee; an area of approximately 5,000 square
miles. The range of elevation is from about 1,000
feet to 4,250 feet. Subdivisions recognized in the
area include (1) the higher and most charaeteristie
central part, Black and Log Mountains; (2) the bor-
dering monoelinal mountains with dipping strata,
Pine, Cumberland and Stone Mountains; (3) a large
section exterior to the fault block. The vegetation
of these subdivisions is discussed separately.

Mixed deciduous forest of superlative quality orig-
inally covered most of the area. This is now repre-
sented by rapidly diminishing areas of virgin forest
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and extensive cut-over and secondary stands. The
emphasis throughout this paper is on original forest.

Studies show that forest composition varies with
slope exposure and to some extent with altitude.
Except in a few habitats, mixed mesophytic forest
prevails. The variations in eomposition and shifting
dominance of species of the mixed mesophytic forest
are illustrated by charts showing percentage compo-
sition of canopy trees. The nature of the undergrowth
correlates well with the composition of eanopy. In all
areas of mixed mesophytic forest, the mull type of
humus layer has developed. Locally, departure from
mixed mesophytic forest, due to extreme edaphic fac-
tors, is seen.

The Cumberland Mountains are the center of dis-
tribution of the mixed mesophytic forest. This is
emphasized by the large number of association-
segregates of the mixed mesophytie association, the
large size of trees, large number of species in the
canopy, and wide range of habitat of climax species.
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Preface

This edited volume addresses the historic range of variation (HRV) in types, fre-
quencies, severities, and scales of natural disturbances, and how they create hetero-
geneous structure within upland hardwood forests of Central Hardwood Region
(CHR). The idea for this book was partially in response to a new (2012) forest plan-
ning rule which requires national forests to be managed to sustain ‘ecological integ-
rity’ and within the ‘natural range of variation’ of natural disturbances and vegetation
structure. This new mandate has brought to the forefront discussions of HRV (e.g.,
what is it?) and whether natural disturbance regimes should be the primary guide
to forest management on national forests and other public lands. Natural resource
professionals often seek ‘reference conditions,” based on HRYV, for defining forest
management and restoration objectives. A large body of literature addresses changes
in forest structure after natural disturbance, but most studies are limited to a specific
site, disturbance event, forest type, or geographic area. Several literature reviews
address a single natural disturbance type within a limited geographic area (often not
the CHR), but do not address others or how their importance may differ among
ecoregions. Synthesizing information on HRV of natural disturbance types, and
their impacts on forest structure, has been identified as a top synthesis need.

Historically, as they are today, natural (non-anthropogenic) disturbances were
integral to shaping central hardwood forests and essential in maintaining diverse
biotic communities. In addition to a ‘background’ of canopy gaps created by single
tree mortality, wind, fire, ice, drought, insect pests, oak decline, floods, and land-
slides recurringly or episodically killed or damaged trees, at scales ranging from
scattered, to small or large groups of trees, and across small to large areas.
Additionally, some animals, such as beavers, elks, bisons, and perhaps passenger
pigeons, functioned as keystone species by affecting forest structure and thus habi-
tat availability for other wildlife species. Prehistoric anthropogenic disturbances —
fire and clearing in particular — also influenced forest structure and composition
throughout much of the CHR and therefore the distribution of disturbance-dependent
wildlife species. The spatial extent, frequencies, and severities differed among these
natural disturbance types and created mosaics and gradients of structural conditions
and canopy openness within stands and across the landscape.



A full-day symposium, organized by the editors, at the 2014 Association of
Southeastern Biologists conference in Spartanburg, South Carolina, was the basis
for this book. Our goal was to present original scientific research and knowledge
synthesis covering major natural disturbance types, with a focus on forest structure
and implications for forest management. Chapters were written by respected experts
on each topic with the goal of providing current, organized, and readily accessible
information for the conservation community, land managers, scientists, students
and educators, and others interested in how natural disturbances historically influ-
enced the structure and composition of central hardwood forests and what that
means for forest management today.

Chapters in this volume address questions sparked by debated and sometimes
controversial goals and ‘reference conditions’ in forest management and restoration,
such as the following: What was the historic distribution, scale, and frequency of
different natural disturbances? What is the gradient of patch sizes or level of tree
mortality conditions created by these disturbances? How do gradual disturbances
such as oak decline, occurring over a long period of time and across a broad land-
scape, differ in effects from discrete disturbances such as tornadoes? How does
topography influence disturbance regimes or impacts? How do native biotic (insects
or fungi, keystone wildlife species) and abiotic (precipitation, drought, temperature,
wind, and soil) agents interact to alter disturbance outcomes? What was the diver-
sity of age classes and gradient of forest structure created by natural disturbances
alone? How might disturbance-adapted plants and animals have fared in the hypo-
thetical historic absence of anthropogenic disturbances? How might climate change
alter disturbance regimes and structure of upland hardwood forests in the future?
And finally, should, and how, can land managers manage these forests within the
HRYV of natural disturbance frequencies, spatial extents, and gradient of conditions
they create?

We sincerely thank all those who encouraged and aided in the development of
this book. Each chapter was peer-reviewed by at least two outside experts and both
coeditors, and we thank these colleagues for their useful suggestions: Chris Asaro,
Robert Askins, Francis Ashland, Bart Cattanach, Steven Croy, Kim Daehyun,
Dianne DeSteven, Chris Fettig, Mark Harmon, Matthew Heller, Louis Iverson, John
Kabrick, Tara Keyser, Scott Lecce, William MacDonald, Henry McNab, Manfred
Mielke, Billy Minser, Scott Pearson, Duke Rankin, Jim Rentch, John Stanturf, Scott
Stoleson, Ben Tanner, and Thomas Wentworth. We also thank the Association of
Southeastern Biologists for allowing us to host a conference symposium on this
important topic, and the National Forests of North Carolina for assistance with
travel costs for speakers. We especially thank each author for contributing, and for
timely chapter revisions, which made this book possible.

Asheville, NC, USA Cathryn H. Greenberg
Cullowhee, NC, USA Beverly S. Collins



Chapter 12

The Historic Role of Humans and Other
Keystone Species in Shaping Central
Hardwood Forests for Disturbance-Dependent
Wildlife

Cathryn H. Greenberg, Kendrick Weeks, and Gordon S. Warburton

Abstract Multiple natural disturbance types historically created conditions that
were suitable for many, but not all, disturbance-dependent wildlife species in the
Central Hardwood Region (CHR). In addition, some wildlife species, such as bea-
vers, passenger pigeons, elk, and bison, historically functioned as keystone species
by creating or maintaining unique disturbed habitats that otherwise would be rare.
For millennia, humans (Native Americans, and later European settlers) also created
and maintained early successional habitat variants (estimated at 7-43 % of the CHR
landscape in 1500 AD) including farmlands, old fields in different stages of succes-
sion, grasslands, and open woodlands by clearing for cultivation and settlements,
frequent burning, and old field abandonment. In this chapter, we argue that humans
were a keystone species in the CHR, having a major influence on the diversity, dis-
tribution, and abundance of many disturbance-dependent wildlife species by creat-
ing, maintaining, or greatly expanding specific, unique types of early successional
habitats and some mature forest types dominated by shade-intolerant pioneer spe-
cies, such as yellow pine. Determining the largely unknowable historic range of
variation of natural disturbances, selecting an arbitrary moment on a temporally and
spatially dynamic landscape as a reference, and subjectively deciding what should
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or should not be included as ‘natural’ may not serve as the most productive guide for
conservation. Alternatively, forest and land use planning for diverse wildlife conser-
vation might more logically start with clear objectives, and proceed with manage-
ment activities targeted toward attaining them.

Keywords Wildlife ¢ Keystone species ® Humans ¢ Ecosystem engineers e
Disturbance-dependent birds

12.1 Introduction

Disturbance-dependent wildlife species require open structural conditions created
immediately after forest disturbances or at some point early in the dynamic process
of recovery and maturation. Historically, natural disturbances (e.g., Chaps. 1, 2, 3,
4,5,6,7, 8,9, this volume) provided habitats for many disturbance-dependent spe-
cies by creating patches of young forest structure, from small canopy gaps to large
swaths of partial or complete canopy removal, within a mature upland hardwood
forest matrix of the Central Hardwood Region (CHR). In addition, some wildlife
species, such as beavers (Castor canadensis), passenger pigeons (Ectopistes migra-
torius), elk (Cervus canadensis), and bison (bison bison), historically functioned as
keystone species by creating or maintaining unique disturbed habitats such as wet-
lands or prairies that would otherwise be rare, thereby increasing the abundance,
diversity, and distribution of wildlife species that required them. Hence, multiple
natural disturbance types historically created conditions that were suitable for many,
but not all, disturbance-dependent wildlife species. However, several breeding birds
(Askins 2001) and other wildlife species of the CHR such as woodchucks (Marmota
monax) and rabbits (Sylvilagus floridanus) require specific variants of disturbance-
created habitats that were created, maintained, or expanded in large part by humans
(Homo sapiens) through active land management by clearing, frequent burning, and
land abandonment in and surrounding inhabited areas, for thousands of years
(Delcourt and Delcourt 2004).

In this chapter, we argue that humans were a keystone species in the CHR, having
a major influence on the diversity, distribution, and abundance of many disturbance-
dependent wildlife species by creating, maintaining, or greatly expanding specific,
unique types of early successional habitats and some mature forest types dominated
by shade-intolerant pioneer species, such as yellow pine (Pinus spp.). Through land
use and active land management by clearing, farming, and frequent burning Native
Americans (and later European settlers) created settlements, gardens, farmlands,
meadows and prairies, open woodlands, [river] canebreaks (Arundinaria gigantea),
and old fields at varying stages of succession that included successional yellow pine
forests (Delcourt and Delcourt 2004). We use results of studies on natural distur-
bances, paleoecology, archeology, and historical accounts by early explorers to
illustrate and discuss likely dynamic scenarios of prehistoric (prior to European
settlement) CHR landscapes, and availability of different early successional



habitat variants required by disturbance-dependent wildlife. We focus our discus-
sion on disturbance-created habitats rather than wildlife species per se, because
habitat availability likely governed the distribution of many disturbance-dependent
wildlife species historically, as it does today. We use disturbance-dependent breed-
ing birds to illustrate possible scenarios of historic wildlife distribution because they
are among the most thoroughly studied taxa, and many species are specialized in
their associations with specific variants of early successional habitat (MacArthur
and MacArthur 1961) that include disturbed young forests, but also other land uses
and conditions commonly created by humans (Askins 2001).

12.2 Origin and Early History of Central Hardwood Forests:
Climate, Megafauna, and Humans

Human arrival in the CHR coincided with retreating ice sheets and a warming cli-
mate more than 13,000 years before present (BP), as open tundra-boreal ‘parklands’
dominated by spruce (Picea sp.) and jack pine (P. banksiana) were slowly being
replaced by temperate, deciduous forest migrating north from warmer more south-
erly refuges (Delcourt and Delcourt 2004). During the last ice age, glaciers in North
America extended south as far as the Missouri and Ohio Rivers, and east to New
England (Clark et al. 2009), and a colder, drier climate resulted in alpine tundra in
the Blue Ridge Mountains above 1,450 m (Delcourt and Delcourt 2004). Between
18,000 years and 5,000 years BP, climate in the CHR shifted from arid-cool to the
warm-humid climate of today (Carroll et al. 2002), interrupted by glacial re-advanc-
ing with associated cold and drought during the Younger Dryas period (12,800—
11,500 years BP) (http://en.wikipedia.org/wiki/Younger_Dryas), and a rapid
warming (more than 7° C in 50 years) around 11,500 years BP (the Pre-boreal
transition phase) (http://en.wikipedia.org/wiki/Boreal_(age)). Warmer temperatures
during the hypsithermal (7,500-5,000 years BP) were followed by a cooling trend
(5,000-120 years BP) that included the Little Ice Age (600—120 years BP) (Carroll
et al. 2002). Oak-chestnut-hickory (Quercus-Castanea-Carya) forests became
widespread in the CHR by 3,000 years BP (Dickinson 2000; Delcourt and Delcourt
2004). Past climate change and associated disturbance regimes, even in recent mil-
lennia, has been a major ‘background’ natural disturbance in the CHR and resulted
in major shifts in forest composition and habitats, as well as extinctions and reas-
sembly of wildlife communities.

When humans first arrived, megafauna including ancient and modern bison
(Bison antiquus and B. bison), elk, primitive horses (Equus spp.), wooly mammoths
(Mammuthus sp.), mastodons (Mammut sp.), stag-moose (Cervalces scotti), and
giant ground sloth (Megalonyx sp. and others), as well as extant modern wildlife
species associated with boreal forest and tundra, such as muskox (Ovibos muscha-
tus) and caribou (Rangifer tarandus) inhabited much of the CHR (Carroll et al.
2002; O’Gara and Dundas 2002; http://exhibits.museum.state.il.us/exhibits/larson/
ice_age_animals.html; http://parks.ky.gov/parks/historicsites/big-bone-lick/history.



aspx). A mere 14,000 years ago or less, grazing, browsing, and trampling by key-
stone megafauna herbivores were important natural disturbances, shaping forests
and maintaining open habitats (e.g., Svenning 2002) for many disturbance-
dependent species.

Most of these megafauna are now extinct; the relative roles of an overall warm-
ing climate, associated shifts in vegetation composition and structure, and the arrival
of big-game hunting humans (the Clovis culture) to their extinction is hotly debated
(Burney and Flannery 2005; Koch and Barnosky 2006; Askins 2014). Theories that
extinctions were precipitated through over-hunting by humans are supported by
archaeological evidence at multiple sites, showing human arrival just prior to local
extinctions of remaining megafauna (many populations collapsed from 14,800 to
13,700 years BP; Gill et al. 2009). Mosimann and Martin (1975) hypothesized and
developed simulations illustrating how even a small founding population of humans
could multiply quickly enough to extirpate the slow-reproducing megafauna under
a steady hunting regime, with extinctions progressing in a front, beginning in Alaska
where humans first entered North America, and moving slowly south and east
(Burney 1993). The coincidental timing of extinctions of many megafauna species
with the arrival humans is corroborated by a study of spores in lake sediments in
upstate New York, Ohio, and Indiana (Gill et al. 2009). The study showed that the
abundance of Sporomiella, a fungus that grows on the dung of herbivorous mam-
mals, declined dramatically between 14,000 and 13,000 years BP, indicating that
large mammals also declined during that period and coinciding with human arrival.
This decline was followed by an increase in deciduous trees (possibly released by
the absence of grazing and browsing by keystone megafauna), and more frequent
fires (possibly set by humans and/or fueled by denser vegetation), as evidenced by
increased charcoal particles in the sediments (Gill et al. 2009). Many of the mam-
mals that became extinct at the end of the Pleistocene had survived similar glacial-
interglacial transitions for hundreds of thousands of years, suggesting that humans
may have played an important and perhaps complex role in their demise (Burney
and Flannery 2005; Koch and Barnosky 2006).

Whether through their hypothesized role in extinction of megafauna or (and)
their documented role in the more recent extinction or local extirpation of modern
fauna, the predatory activities of humans have dramatically and directly influenced
many wildlife populations in the CHR. In the last 250 years or less, European set-
tlers were directly responsible for the extinction of several species including the
Carolina parakeet (Conuropsis carolinensis) and passenger pigeon; the regional
extirpation of wolves (Canis lupus), cougars (Puma concolor), bison, elk, and other
species; and dramatic population declines of other species such as beavers through
excessive and unregulated hunting and trapping. By removing keystone wildlife
species such as beaver (wetland creators), or elk and bison (grazers) whose activi-
ties historically created or maintained disturbed, open habitats, humans also indi-
rectly influenced the distributions and populations of many disturbance-dependent
wildlife species.

Perhaps most importantly, humans themselves have historically functioned as a
keystone species through their management and use of land on inhabited landscapes



Fig. 12.1 (a) Open woodland with grass-forb-woody understory (Similar to descriptions by early
explorers in the Cumberland Plateau, Piedmont of the Carolinas and Georgia, and Appalachians on
South- and West-facing aspects of the southern Appalachians) on private land in Sequatchie
County, Tennessee in 2013. The woodland, initially closed canopy forest, was not mechanically
thinned, and was burned every 2-3 years since the late 1970s (Craig Harper pers. comm; photo
courtesy of Craig Harper); (b) Native prairie vegetation at Ft. Campbell in Kentucky and Tennessee
managed with burning or mowing at 1-3 year intervals (Daniel Moss pers. comm.) (Photo courtesy
of William Minser)

since before central hardwood forests existed as we know them today. By regularly
creating, maintaining, or expanding early successional habitats, including many
variants that might rarely be created by natural disturbances alone such as agricul-
tural fields, old fields in different stages of succession, open woodlands (e.g.,
Fig. 12.1a), meadows or prairies (e.g., Fig. 12.1b), and successional yellow
pine-dominated forests, humans historically were a major influence on abundance,
distribution, and species diversity of disturbance-dependent fauna.



12.3 Early Successional Habitats: One Size Does Not Fit All

The term ‘early successional habitat’ is commonly, albeit erroneously, used generi-
cally to refer to any open, recently disturbed habitat that is transient unless main-
tained by recurring disturbances (Greenberg et al. 2011a). Although both young
forest and truly early successional habitats share the features of openness in com-
mon, they differ considerably in many ways in the structure and composition of
plants (Lorimer 2001; Greenberg et al. 2011a) and, because of that, the wildlife
species that use them. In the CHR, high-severity natural disturbances such as large
blowdowns, or anthropogenic disturbances such as regeneration harvests, create
young forest with high woody stem density and thick cover for wildlife, but gener-
ally do not create bona fide successional conditions with high plant species turn-
over. Even after high-severity natural disturbances that substantially reduce canopy
cover, plant species composition usually remains similar to the original mature for-
est, often with a transient addition of blackberry (Rubus spp.) or pokeweed
(Phytolacca americana), as pre-existing shrubs and fallen or damaged trees resprout
prolifically and tree seedlings grow from pre-established advance regeneration or
seed (Lorimer 2001; Greenberg et al. 2011b). In the CHR open, young forest condi-
tions typically last 8—15 years before canopy closure (Loftis et al. 2011; Thompson
and Dessecker 1997).

In contrast, truly successional habitats occur when pioneer plants colonize tree-
less areas that are no longer disturbed. In the CHR, most successional habitats origi-
nate from anthropogenic land uses, such as abandoned pasture or farmlands, as
colonizing shade-intolerant pioneer tree species, including yellow pines (e.g., pitch
(P. rigida), shortleaf (P. echinata), or Virginia pine (P. virginiana)), yellow-poplar
(Liriodendron tulipifera), or black locust (Robinia pseudoacacia) (Delcourt and
Delcourt 2004), and shrubs create conditions suitable for other, later successional
species in a relay sequence toward a mature hardwood forest (Lorimer 2001;
Greenberg et al. 2011a).

Disturbance-dependent breeding birds are associated with open habitats created
by disturbances, but many are relatively specialized, requiring specific but different
variants of early successional habitats ranging from young forest to grasslands
(Askins 2001; Hunter et al. 2001) (Table 12.1). In this chapter we use the term ‘early
successional habitat’ as it is commonly used and understood in the wildlife literature
to denote open conditions created by either natural or anthropogenic disturbances
(Greenberg et al. 2011a). However, we emphasize that ‘one size does not fit all’ for
disturbance-dependent wildlife species, and therefore different variants of early
successional habitats, created by both natural and anthropogenic disturbances, and
interactions between them, are required to maximize diversity and abundance of
native, disturbance-dependent breeding birds.



Table 12.1 Associations of select disturbance-dependent breeding bird species of the CHR with
different early successional habitat variants® created by natural or anthropogenic disturbances

Early successional habitat variants®
Species GH | WM |OW |Sa|SS |SF | Pa
X X X |X

OF | Su | Ur
X | X |-
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Common yellowthroat (Geothlypis - |- X |- X |- |- |- |X |- |-
trichas)

Dickcissel (Spiza americana)

Eastern bluebird (Sialia sialis)

|
>
| 4| X
!
|
>
>
|
>
|

[
[
[
[
[
>
[
[
[
[
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(continued)



Table 12.1 (continued)

Early successional habitat variants®

Species GH WM |OW |Sa|SS |SF |Pa|Ag|OF |Su|Ur
Northern rough-winged swallow X X - - |- |- |- X |- |- |-
(Stelgidopteryx serripennis)

Orchard oriole (Icterus spurius) - |- X X|= |- |=-1- X |- |-
Prairie warbler (Setophaga discolor) - |- X - X | X X |- |- |- |-
Purple martin (Progne subis) X | X - X|- |- XX | X |- |-
Red-headed woodpecker (Melanerpes - X X X|=|=|=1= 1= |- |-
erythrocephalus)

Red-tailed hawk (Buteo jamaicensis) X |- X X |- - XX X |[X X
Red-winged blackbird (Agelaius - X - - == === |- |-
phoeniceus)

Ruffed grouse (Bonasa umbellus) - |- X XX [ X |- |- |- |- |-
Savannah sparrow (Passerculus X |- - - = === 1= |- |-
sandwichensis)

Song sparrow (Melospiza melodia) X |- X [X|= |- |=-|- |- |X|=
Tree swallow (Tachycineta bicolor) - X - X|- |- |- X |- |- |-
Vesper sparrow (Pooecetes gramineus) | X |- - - == ]1=1= |- |- |-
White-eyed vireo (Vireo griseus) - |- X |- X X |- |- |- |- |-
Yellow-breasted chat (Icteria virens) - |- X - X X |- |- [ X |- |-

“GH grass-herbaceous, WM wet meadow, OW open woodland, Sa savanna, SS scrub-shrub, SF
sapling forest, Pa pasture, Ag agricultural, OF old field, Su suburban, Ur urban

12.4 Natural Disturbances and Early Successional Habitats
for Wildlife: Severe Weather, Weather-Related,
and Biotic Agents

Historically, non-anthropogenic natural disturbances created variable age classes
and structural conditions across small- to large areas, at different locations and
times in a shifting mosaic of ephemeral patches, with young forest composing vary-
ing proportions of the vast CHR landscape at any given time. Mobile, disturbance-
dependent wildlife species could use these transient young forest habitats
opportunistically. However, in the hypothetical absence of human-caused distur-
bances, their populations would almost certainly have been variable, fluctuating
spatially and temporally as conditions became available for brief periods before
becoming unsuitable as forests recovered and matured.

12.4.1 Severe Weather

Based on records over the past 150 years or less, disturbance types, frequencies, and
severities historically varied temporally and spatially within and among ecoregions,
and locally across topography. For example, in the CHR hurricane-related winds are



more frequent in eastern ecoregions, whereas tornados are more frequent in western
ecoregions but also commonly occur in the Piedmont, Ridge and Valley, and
Southwestern Appalachians ecoregions (see Peterson et al. Chap. 5). Damage from
hurricane-related winds is variable. For example in the Blue Ridge Mountains,
Hurricane Opal (whose track did not enter the ecoregion despite considerable dam-
age there) caused single- to multiple-tree windthrows from downbursts of wind
(McNab et al. 2004), whereas damage from Hurricane Hugo included tens of thou-
sands of hectares rated as “total timberland damaged” (Dogett 1993). Ice storms
(Lafon Chap. 7) and landslides (Wooten et al. Chap. 9) are most common on steep
slopes in mountainous ecoregions such as the Blue Ridge Mountains. The impacts
of severe weather disturbances on central hardwood forests ranged from small gaps
(Hart Chap. 2) to large swaths of broken limbs and (or) fallen trees, creating a gradi-
ent of young forest conditions potentially suitable for gap, edge, scrub-shrub, or
sapling-stage breeding bird species (Table 12.1).

12.4.2 Lightning-Ignited Fire

Lightning-ignited fires are rare in the deciduous forests of the CHR because fuels
are generally too moist, discontinuous, or otherwise inadequate to allow spread
except under severe drought conditions (e.g., Schroeder and Buck 1970; Barden
1997; Delcourt and Delcourt 1997; Flatley et al. 2013; also see Sect. 12.7.1).
Schroeder and Buck (1970) estimated that about 1-5 lightning ignitions occur annu-
ally per 4,000 km? in the CHR. The wildfire reporting database for National Forests
shows that within CHR National Forests, lightning ignites an average of 0.3-7.8
fires per 2,000 km? annually; in contrast humans, accidentally or purposefully,
ignite an average of 4.8-93.9 wildfires (not including prescribed burns) per
2,000 km? annually (Greenberg et al. Chap. 1, Table 1.6). Guyette et al. (2006a)
estimated fewer than one in 200 wildfires in the CHR were lightning ignited; the rest
were due to arson, cigarettes, unattended campfires, or other anthropogenic causes.
Historic fire frequencies positively corresponded with human population densities
and far exceeded probable frequencies attributable to lightning ignition (Guyette
et al. 2006a, b; Hart and Buchanan 2012; also see Grissino-Mayer Chap. 6; Leigh
Chap. 8).

Studies in the Boston Mountains ecoregion suggest that topographic heterogene-
ity, or ‘roughness’ reduces fire frequency in general (Guyette et al. 2006b). However,
lightning-ignited fires occur more frequently and with higher severity in some topo-
graphic positions, such as ridgetops and dry south-, southwest-, or west-facing
slopes in the Blue Ridge Mountains ecoregion that tend to be low-quality, drier sites
(Flatley et al. 2013). Not coincidentally, these topographic positions are also where
Table Mountain pine (P. rigida), pitch pine, mountain laurel (Kalmia latifolia), and
other plant species associated with dry, low-quality sites and occasional fire most
commonly occur (Zobel 1969).



Under most conditions, wildfires in hardwood forests of the CHR are low-
intensity, and changes to forest structure and breeding bird communities are rela-
tively minor and transient (Greenberg et al. 2013). Exceptions may occur during
infrequent, extreme drought conditions, or on steep topography and ridgetops with
xeric, low site quality conditions that are more conducive to hot, high-severity fires
that result in heavy tree mortality. A combination of low lightning ignition fre-
quency and the relatively random location of lightning strikes across the vast CHR
render it unlikely that lightning-ignited fires alone would have repeatedly burned
the same landscapes with sufficient frequency needed for the development and
maintenance of prairies, savannas, open woodlands, or yellow pine forests (see
Sect. 12.4.3) with occasional exceptions. When they did occur, lightning-ignited
high-severity fires likely created open, young forest conditions with abundant stand-
ing snags potentially suitable for yellow pine regeneration (Jenkins et al. 2011) and
for gap-, edge, scrub-shrub, sapling-stage, or open woodland breeding bird species
(Table 12.1) (e.g., Greenberg et al. 2013).

12.4.3 Southern Pine Beetle

Historically, Native Americans (and later European settlers) promoted the develop-
ment and maintenance of pine forests over mature, climax upland hardwoods on
inhabited landscapes by actively managing with frequent fire, and by abandoning
farmlands that were often colonized by yellow pines such as shortleaf, Virginia, and
pitch pine (Ashe and Ayers 1901; Mattoon 1915; Ashe 1922; Balch 1928; Delcourt
and Delcourt 2004). Such yellow pine-dominated forests are disappearing due to a
combination of (1) southern pine beetle (Dendroctonus frontalis) attacks on yellow
pine forests that established when Native Americans or European settlers (through
the mid-1900s) were actively clearing, burning, and abandoning lands (see Nowak
et al. Chap. 4), and (2) a dramatic reduction in the frequency of anthropogenic fire
ignitions and (or) suppression of wildfires when they do occur (see Sect. 12.7.1).
Without active land management by humans, yellow pine-dominated forests would
likely have been limited in distribution to low quality sites and topographic posi-
tions where hardwood competition is reduced and lightning-ignited fires are more
frequent. On a hypothetical CHR landscape without humans, the impact of southern
pine beetles may have been minor across much of the landscape, because yellow
pine forests would have been much more restricted in their distribution.

12.5 Keystone Wildlife Species: Bison, Elk, and Beaver
as Agents of Disturbance and Ecosystem Engineers

Many animal species respond to, rather than drive, forest structure. However, some
species were themselves agents of disturbance, functioning as keystone species by
helping to create and maintain open, early successional conditions and wetlands



that enabled many other wildlife species to thrive. Elk, bison, beaver, and perhaps
even passenger pigeons were especially notable ‘ecosystem engineers’ that histori-
cally had considerable impacts on the CHR landscape, often in close association
with humans. In fact, a mutualism developed between Native Americans, and their
large ungulate prey. Native Americans created prairies, open woodlands, and forest
edge through frequent burning and clearing that enabled elk and bison to thrive; in
turn, their grazing helped to arrest forest succession and maintain these grass-
dominated habitats that ignited easily and carried fire across broad areas (Delcourt
et al. 1998; McClafferty 2000; Delcourt and Delcourt 2004). This ‘graze and burn’
disturbance regime, co-managed by Native Americans and large ungulates, created
structural conditions promoting higher densities and greater distributions of wildlife
species requiring open, grassy habitats than would be possible in its absence (e.g.,
Table 12.1).

12.5.1 Passenger Pigeon

Passenger pigeons numbered 3-5 billion in eastern North America until the late
1800s when their population declined until their extinction in 1914 (Yeoman 2014).
They ranged throughout most of eastern North America, wintering south of latitude
36° N and breeding in the northern part of the CHR including southern New York,
west-southwest across Pennsylvania, northern West Virginia, and Kentucky as well as
parts of the midwestern USA (Ellsworth and McComb 2003). Based on their massive
numbers and collective mass, passenger pigeon flocks are thought to have been an
important agent of low-intensity disturbance throughout much of the CHR, similar to
that of ice storms or lower-intensity windstorms, by increasing light levels in forests
through limb and tree breakage (Ellsworth and McComb 2003). They also covered
the ground with several cm of feces at nesting and roosting sites, killing the under-
story vegetation and inhibiting plant growth for several years (see Ellsworth and
McComb 2003), and potentially altering fuels structure by killing understory plants
and creating coarse woody debris (Ellsworth and McComb 2003). Flocks, estimated
at 105,000 pigeons per ha, commonly formed columns over 1 km wide and 400—
450 km long (King 1866 as cited in Schorger 1955; Ellsworth and McComb 2003)
and numbered in the millions (see Yeoman 2014). In 1871, naturalist A.W. Schorger
estimated a communal nesting site covering 2,200 km? of sandy oak barrens in
Wisconsin, with 136 million breeding adults (Yeoman 2014). Roosting and nesting
areas, commonly 0.02—-10 km? but sometimes as large as 130 km?, were used by an
estimated 27,000-36,000 kg per ha of pigeons (Ellsworth and McComb 2003).
Ellsworth and McComb (2003) estimated that historically, passenger pigeons
affected approximately 0.5-0.8 % of their total winter range annually through their
use of temporary and long-term roosts; breakage of smaller limbs and trees (lower-
intensity disturbance) affected an estimated 8 % of their breeding area annually
(Ellsworth and McComb 2003). Ellsworth and McComb (2003) suggest that low-
intensity damage in nest areas likely resulted in a light environment favoring



shade-tolerant tree species such as American beech (Fagus grandiflora), eastern
hemlock (Tsuga canadensis), and sugar maple (Acer saccharum), and establish-
ment of intermediate (moderately shade-tolerant) species such as oaks, in gaps. In
contrast, severe physical damage in roost areas may have resembled damage from
high winds, or even hot fires that top-kill most plants and add nutrients to the soil,
resulting in high light levels and release of intermediate tree species such as oaks or
eastern white pine (P. strobus) (Ellsworth and McComb 2003). The gradient of
structural conditions created by passenger pigeons were likely suitable for gap-
associated breeding birds such as cerulean warblers (Setophaga cerulea) (Perkins
2006) where damage was relatively light, to edge- and open area species such as
indigo buntings (Passerina cyanea) where damage was more severe. Passenger
pigeons also may have played an important role in seed and nut dispersal. Hence,
prior to their extirpation by humans, passenger pigeons may have functioned as a
keystone species by affecting forest composition as well as forest structure that in
turn affected other wildlife species.

12.5.2 Beaver

Historically, beavers inundated riparian forests by damming slow-moving streams,
creating large areas of boggy scrub-shrub wetlands with dead standing trees, or
beaver meadows (see Greenberg et al. Chap. 1, Fig. 1.2 h) that supported wetland-
dependent plants and animals. Beaver populations were estimated at between 60
and 400 million in pre-colonial North America (Seton 1929), and they occurred
virtually anywhere with suitable water and food plant resources (Baker and Hill
2003). In his travels, Bartram noted that beaver ‘abounded’ north of Georgia (Van
Doren 1928). Given the extremely high populations of beaver in pre-European
times, the entire CHR surely included an extensive mosaic of beaver ponds and
swamps of various sizes and configurations. Hey and Phillipi (1995) estimated that
40 million beavers in 1600 would have maintained 206,795 km? of water surface in
the upper Mississippi and Missouri River basins; current beaver populations there
may pond about 2,023 km?. In the eastern USA, heavy beaver trapping for the fur
trade began in the 1600s (Naiman et al. 1988). Between 1853 and 1877 the eastern
USA Hudson Bay Company alone shipped three million pelts to England (http://
www.ohiohistorycentral.org/w/American_Beaver?rec=1124). Beaver populations
nearly vanished throughout North America by the 1900s due to excessive trapping
for the fur trade (Naiman et al. 1988; Baker and Hill 2003).

Inundation of dammed waterways provides multiple benefits for wildlife and
increases local landscape diversity. Beaver pond complexes provide standing water,
edge, standing snags killed by flooding, plant diversity, and vertical stem diversity
all in one area (Baker and Hill 2003). Wetland vegetation including sedges (Carex
spp.), bulrush (Scirpus spp.), and cattails (Typha spp.) rapidly colonize newly cre-
ated wetland complexes. Many wildlife species including waterfowl, wading birds,
red-winged blackbirds (Agelaius phoeniceus), woodpeckers, migrating songbirds,



raptors, aquatic furbearers such as mink (Neovison vison) and muskrat (Ondatra
zibethicus), amphibians, and semi-aquatic reptiles such as bog turtles (Clemmys
muhlenbergii) and water snakes colonize beaver ponds and wetlands, and use them
for breeding and habitat (Baker and Hill 2003; Rosell et al. 2005). Historically,
when beaver populations were high, at least some beaver ponds may have persisted
for over 1,000 years (Ben Tanner unpubl. data). Abandoned beaver ponds eventually
drain and are colonized by shrubs and grasses, sometimes lasting for years before
eventually reverting to forest (Askins 2000). Historically, these beaver meadows and
disturbed areas surrounding beaver ponds were likely extensive along floodplains,
and provided habitats for shrub-scrub and some grassland bird species, rodents,
lagomorphs, ungulates, and their predators (Askins 2000; Baker and Hill 2003).

Historically, frequent and continual creation and abandonment of beaver ponds
across the CHR created diverse wetland habitats that facilitated a much higher local
diversity, as well as abundance, landscape distribution and population connectivity
for many more wildlife species than today. Some species with poor dispersal ability,
such as bog turtles, have reached critically low population levels likely in part
because of severely diminished beaver populations and the habitats they engineered
(US Fish and Wildlife Service 2001); more than 90 % of mountain bog habitat has
been lost (Walton 2006). Thus, prior to their near-extirpation by humans, beaver
were historically perhaps one of the greatest animal agents of disturbance given the
spatial extent and effects of their habitat alteration activities.

12.5.3 Elk

More than 10 million elk were estimated to have occurred in North America prior
to the arrival of Europeans (Seton 1929). Modern elk have occupied the CHR for at
least 20,000 years (McClafferty 2000; O’Gara and Dundas 2002), since (and for
long after) boreal forest and tundra dominated the landscape (Delcourt and Delcourt
2004). There are many historical reports of large numbers of elk in the CHR. Place
names such as Banner Elk, North Carolina (Blue Ridge Mountains ecoregion), Elk
River in West Virginia (Central Appalachians and Allegheny Plateau ecoregions),
and Elk Creek in Kentucky (Interior Plateau ecoregion) also suggest that elk were
once widespread (VDGIF 2010). By the late 1800s or early 1900s they had been
eliminated by over-hunting (O’Gara and Dundas 2002; Innes 2011).

Elk are grazers, primarily using grasslands or open prairies, but usually remain-
ing within 400 m of mature forests which they use for cover (Peek 2003). They feed
primarily on grasses, shrubs, and forbs depending on the season and location (Peek
2003). Although elk populations were likely controlled by hunting, predation by
wolves, black bear (Ursus americanus), and cougars, and diseases, their numbers,
as seen and reported, were clearly sufficiently high to impact vegetation structure
and composition in and around the open areas where they occurred. At high densi-
ties elk can alter species composition and structure, reduce or eliminate shrubs or
seedlings, decrease plant diversity, and create browse lines (McClafferty 2000).



Even at low to moderate densities, elk browsing can slow the rate of succession
(Putnam 1996). Selective grazing can stimulate the growth of palatable grasses at
moderate densities or favor undesirable forage species at higher densities (Woodward
et al. 1994; Schreiner et al. 1996). Although elk play an important role in maintain-
ing open grasslands by grazing and browsing, it is unlikely that they can create them
from a starting point of mature hardwood forest. In all likelihood, Native Americans
facilitated the presence of elk in the CHR through frequent burning that created and
maintained meadows, prairies and open woodlands.

12.5.4 Bison

Modern bison have been present (until recently) in the CHR since at least the
Pleistocene  (http://exhibits.museum.state.il.us/exhibits/larson/ice_age_animals.
html). As with elk, grasslands created by widespread clearing and frequent burning
by Native Americans provided suitable conditions for bison to thrive (Rostlund
1960) for thousands of years (http://exhibits.museum.state.il.us/exhibits/larson/
ice_age_animals.html), as the CHR landscape transitioned from boreal parkland to
deciduous forest. Reports by early explorers, archeological finds, place names such
as Buffalo Lick in the Piedmont ecoregion of northeastern Georgia (http://www.
bartramtrail.org/pages/articles.html), and a buffalo wallow in central North Carolina
(Simmons 1999), indicate that bison were widespread throughout much of the
CHR. Buffalo traces were made and used during their seasonal migrations from the
plains of central Illinois, through forests to the salt licks of Kentucky (Interior
Plateau and Interior Valleys and Hills ecoregions). These traces were wide enough
to be used as travel routes by Native Americans and later by European settlers
(http://keithbobbitt.com/Log%20Cabins/NorthCarolinaRoute.htm).

Reports by early explorers indicate that bison were quite numerous, and grass-
lands and woodlands were sufficiently abundant to support them (Rostlund 1960).
In 1722, Catesby noted “The buffalo. They range in droves feeding upon the open
savannas morning and evening, and in the sultry time of the day they retire to shady
rivulets and streams” in the Piedmont ecoregion (as cited in Rostlund 1960).
Michaux (1805) reported seeing bison in groups of 150-200 in his travels through
Kentucky in the early 1800s. Ramsey (1853, as cited in Moss 2001) described prai-
ries around Nashville, Tennessee (Interior Plateau ecoregion) “luxuriant growth of
native grasses, pastured over as far as the eye could see, with numerous herds of
deer [Odocoileus virginianus], elk, and buffalo.” Captain Timothe de Monbreun, a
French hunter and trapper from Illinois, traveling down the Cumberland River near
Palmyra, Tennessee (Montgomery County) reported seeing large herds of buffalo in
1777 (Kellogg 1939 as cited in Moss 2001). In 1780, buffalo were killed by Colonel
John Donelson and his party near the Cumberland River along the Kentucky-
Tennessee line (Williams 1928 as cited by Moss 2001). Bison disappeared from
the southeast in the middle 1800s largely due to over-hunting by European



settlers (Rostlund 1960). They were extirpated from North Carolina by 1765,
Maryland by 1775, and Virginia by 1797 (Rostlund 1960). Michaux (1805) noted
that bison were frequently shot by settlers for their tongues, with the remainder of
the carcass wasted.

In the CHR, bison used fire-maintained prairies and shrub-grass woodlands for
feeding (Tesky 1995). Bison are grazers, eating up to 14 kg of grass daily (Evans
and Pobasco 1977), although they may switch to woody browse species if grasses
are not available. Similar to elk, bison grazing pressure can lead to changes in plant
composition and structure, impede forest succession (Reynolds et al. 1982) and help
to maintain the grass-dominated communities they depend on. Bison can also affect
local stands of timber by horning and thrashing during the rut (Reynolds et al.
1982). Trails on hillsides can drain upland areas and change vegetative composition
(Reynolds et al. 1982), and wallows can become pools of water for other species to
use (Tesky 1995). Prior to their regional extirpation by humans, both bison and elk
were likely instrumental in retarding forest succession by grazing that, in conjunc-
tion with frequent burning by humans, helped to create and maintain open oak
woodlands, prairies and savannas.

12.6 Humans as a Keystone Species and Ecosystem Engineer
on the Historic Landscape

For millennia, Homo sapiens was a predominant keystone species and ecosystem
engineer in the CHR that created and maintained many variants of open, early suc-
cessional habitats and forest age classes for a wide variety of disturbance-dependent
species in and surrounding their settlements (Carroll et al. 2002). Native Americans
were active land managers, using fire to clear forests for settlements and agriculture,
and to improve visibility, facilitate travel, increase native fruit production, and cre-
ate edge and open, grassy habitats to attract game species (Van Lear and Waldrop
1989; Yarnell 1998; Carroll et al. 2002; Delcourt and Delcourt 2004). Social orga-
nization became more centralized and sophisticated over millennia, and by 1,000
BP concentrated settlement patterns and agriculture “generated a landscape patch-
work of fragmented forests, cultivated land, and nutrient-depleted old fields aban-
doned as fallow land” (Delcourt and Delcourt 2004). Habitats created and maintained
primarily by Native Americans included settlements, farmlands and gardens, aban-
doned fields of different age-classes, and forests of pioneer species colonizing aban-
doned fields including river cane (forming dense canebreaks) and yellow pines
(Delcourt and Delcourt 2004). Through their land management activities across
large landscapes adjacent to settlements, Native Americans — and later European
settlers — created grassland, garden-residential ‘suburb,” agricultural field, old-field,
yellow pine forest, and open woodland habitats, thereby influencing species diver-
sity, distribution, and abundance of many disturbance-dependent breeding birds
with these specific habitat associations (Table 12.1).



12.6.1 Historic Land Use and Forest Management by Native
Americans in the Central Hardwood Region

As early as 10,000 years BP Native Americans lived in long-term settlements in
valleys and lowlands near rivers throughout much of the CHR. Archaeological evi-
dence from the Shenandoah Valley of Virginia, the Little Tennessee River Valley of
east Tennessee, eastern Kentucky, Watauga Valley of North Carolina, West Virginia,
and the Valley and Ridge province indicate that such settlements were widespread.
By the Late Archaic (4,500 years BP) Native Americans cultivated crops and man-
aged forests surrounding and far beyond their settlements by burning frequently to
facilitate travel and visibility, promote seed, berry, and nut production, and produc-
tion of grasses and forage to attract elk, deer, bison, and other game species
(Chapman et al. 1982; Williams 1989). These activities increased through the late
Holocene, with a substantial increase in burning frequency by 3,000 years BP
(Yarnell 1998; Delcourt and Delcourt 2004; Grissino-Mayer Chap. 6; Leigh Chap. 8).
Delcourt and Delcourt (2004) suggest that by 3,000 years BP frequent burning by
Native Americans promoted upland forests dominated by more fire tolerant oak,
chestnut, hickory, and walnut (Juglans spp.), even as the prevailing climate would
otherwise be expected to promote more fire-intolerant, mesophytic species. Frequent
burning promoted the development and maintenance of savannas, prairies, open
woodlands and pine forests that were once interspersed throughout the CHR (Flatley
et al. 2013). By 1,000 BP Native American social organization was highly sophisti-
cated in the CHR, with widespread dependence on agriculture (Delcourt and
Delcourt 2004).

American Indians cleared land for villages and agriculture by girdling trees
through peeling or burning away bark, and by burning. Older fields with declining
soil fertility and productivity were abandoned to be reclaimed by forest, and new
fields were cleared progressively and in rotation (Williams 1989), creating a mosaic
of different-aged forests and forest structures in the areas surrounding settlements.
Disturbances from agriculture, field abandonment, and frequent burning affected
forest composition near settlements. Before agriculture became widespread, only
10 % of wood charcoal from archaeological sites was from pioneer species such as
yellow-poplar, pine, red cedar (Juniperus virginianus), or river cane; subsequently
(and prior to the arrival of Europeans) it rose steadily to 50 % (Chapman et al. 1982;
Yarnell 1998).

Wood was used to build structures, and for fuel (Williams 1989). Assuming that
fuel wood use by Native Americans was similar to that of European settlers in the
Blue Ridge Mountains ecoregion, an average family used about 3.62 m* (15 cords)
per year for cooking and warmth, which was likely salvaged from cleared land,
second growth forest in abandoned fields, cull and undersized trees, or the surround-
ing forest (Nesbitt and Netboy 1946; Williams 1989). Model simulations for the
Little Tennessee River Valley (Baden 1987 as cited in Delcourt and Delcourt 2004)
indicate that the area required for growing enough maize for one person
increased from 0.1 to nearly 0.4 ha between 1,000 and 250 years BP as dependency



on maize increased. Soil fertility and harvest yield generally decline sharply within
10 years on maize fields, forcing abandonment of old and clearing of new fields.

Clearing, agriculture, and widespread burning by Native Americans influenced
the forests and early successional habitats, but were almost certainly most pro-
nounced near settlements along valley bottoms and surrounding uplands (Van Lear
and Waldrop 1989; Milner and Chaplin 2010). By 3,000 years BP anthropogenic
fire resulted in “a fine-grained patchwork of vegetation on upper hillslopes and
ridgetops that include prehistoric garden plots, open patches with mixed crops of
domesticated species, abandoned Indian old-fields reverting back into early-
successional grassland barrens, thickets of shrubs, and even-aged stands of pitch
pine or tulip poplar trees” on the Cumberland Plateau with mixed mesophytic for-
ests in more sheltered topographic positions (Delcourt and Delcourt 2004). A sche-
matic representation of land use by Native Americans illustrates the different
variants of early successional habitats they created in and surrounding villages by
clearing, burning, and agricultural activities (Fig. 12.2).
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Fig. 12.2 Schematic of a Native American settlement and surrounding managed landscape (From
Williams 1989)



Estimates of the Native American population ca. 1500 AD in the eastern USA
range between 0.5 and 2.6 million, based on archaeological and historical informa-
tion (Milner and Chaplin 2010). Their settlements and agricultural fields were
located in spatially discrete, irregularly distributed aggregates across productive
land, primarily along coastlines or (in the CHR) river valleys (Fig. 12.3) (Milner and
Chaplin 2010). Nearly all Native Americans lived in villages of 50-1,000 people
surrounded by fields (e.g., Fig. 12.2; Williams 1989). Some settlements were quite
large; tens of thousands of people lived along a 100 km stretch along the Mississippi
River and into the surrounding uplands in Cahokia, near east St. Louis (Ozark
Highlands ecoregion), during the Mississippian period (800-1500 AD) (Denevan
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Fig. 12.3 Known population polygons of Native American settlements around 1500 AD based on
archaeological and historical evidence (black), with buffers (gray) encompassing the potential
zone of human influence, such as frequent fire, surrounding settlements (Adapted from Milner and
Chaplin 2010)



1992; Milner and Chaplin 2010). Both population levels and the locations of settle-
ments were dynamic over time. For example, a major depopulation occurred in the
Midwest sometime between 1300 and 1500 AD, prior to European contact.
Settlements sometimes relocated, likely as soil and fuel resource were depleted
(Williams 1989).

Milner and Chaplin (2010) calculated the area of known Native American settle-
ments ca. 1500 AD, and used nearest-neighbor statistics to calculate buffers sur-
rounding them that incorporate the area of probable environmental impact. Based
on their modeling, Native Americans impacted at least 7.1 % (settlements only), and
up to 42.6 % (including buffers) of the landscape within the CHR ca. 1500 AD, prior
to settlement by Europeans (Fig. 12.3). Landscapes heavily impacted by Native
Americans likely expanded, contracted, and shifted with their populations and
movements. Large tracts of mature or old-growth forest subjected primarily to non-
anthropogenic natural disturbances likely created a matrix between populated areas
and surrounding areas of environmental impact (Fritz 2000; Delcourt and Delcourt
2004). During this prehistoric moment, in a temporally and spatially dynamic land-
scape, suitable habitat was likely widely available for breeding bird species associ-
ated with mature- and young forests created by natural disturbances, as well as for
species requiring different variants of land uses and early successional habitats that
were created primarily by Native Americans.

12.6.2 Descriptions of Native American Land Use and Historic
Landscapes by Early European Explorers

Accounts of pre-settlement landscapes by early naturalists and explorers are scant,
and potentially biased, as most likely took routes most easily traversed and likely
near or between Native American population centers. Nonetheless, several descrip-
tions provide insight into landscape condition — thus the availability of different
early successional wildlife habitats — at specific times and places, in different cen-
tral hardwood ecoregions prior to or with minimal settlement by people of European
descent.

In 1540, writings from Hernando DeSoto’s expedition described the landscape of
the Blue Ridge Mountains ecoregion inhabited by the Lamar and Qualla cultures as
“including palisaded towns and large expanses of cultivated fields” ... “Ridges were
well-wooded, and outside the cultivated valleys, the land was all forest” (as cited in
Yarnell 1998). In Virginia, the Shenandoah Valley between the Blue Ridge
Mountains and the Alleghenies was described in the mid-1700s as a vast grass prai-
rie covering more than 2,590 km?, which was burned annually by Native Americans
(Van Lear and Waldrop 1989). In 1670 German explorer John Lederer described the
Roanoke Valley along the Virginia-North Carolina border and along the border with
West Virginia as forested, but “where it was inhabited by Indians, it lay in open in
spacious plains,” and “by the industry of these Indians as... very open and clear of
wood” (John Lederer as cited in Williams 1989).



Prairie-like openings throughout the Piedmont ecoregion, some up to 40 km
across, were described by several early explorers and traders (see Barden 1997). In
1540 Spanish and Portuguese narratives described “many fine fields... the forest
was more open and there were very good fields along streams... They traveled a full
league [5 km] through a garden-like land of fruit-bearing trees, among which a
horse could be ridden without any trouble” near Camden, South Carolina. Further
north along the Catawba River they describe several plains and “many fine fields of
tilled lands” (Rostlund 1957 as cited in Barden 1997). In 1567 Spanish explorer
Juan Pardo describes “very large and good plains... clear land... beautiful plains”
including one near Charlotte North Carolina (Rostlund 1957 as cited in Barden
1997) during his travels through the Piedmont ecoregion. Other travelers (e.g., John
Lederer in 1670; John Speed in 1676; John Lawson 1701; Catesby in 1720s (as
cited in Barden 1997)) describe large savanna and prairie throughout the Piedmont
ecoregion maintained by frequent burning. In winter 1701, John Lawson noted “the
woods being newly burnt and on fire in many places,” and in the 1720s Mark
Catesby observed many fires started by Native Americans, observing that “in
February and March the inhabitants have a custom of burning the woods, which
causes such a continual smoke, that not knowing the cause, it might be imagined to
proceed from the fog... an annual custom of the Indians in their huntings, of setting
the woods on fire many miles in extent” (as cited in Barden 1997).

The Coosa chiefdom, including an area from the confluence of the French Broad
and Tennessee Rivers to around Talladega Alabama in the Southwestern
Appalachians, Ridge and Valley, and Blue Ridge Mountains ecoregions, was
described by the DeSoto expedition (1540) as “thickly settled in numerous towns
with fields between, extending from one to another” (US Congress as cited in
Williams 1989). Bartram (Van Doren 1928) describes endless savannas along the
Tennessee River to the west of the Appalachians in the Interior Plateau ecoregion in
his 1775 travels.

The first white settlers in western Kentucky encountered the Big Barrens (Interior
River Valleys and Hills, and Interior Plateau ecoregions), encompassing an esti-
mated 12,950-15,540 km?. They described it as vast grassland with only occasional
stunted trees unsuitable for building material, fences, and fuel (Owen 1856 and
Hussey 1876 as cited in Mclnteer 1946). Early writers thought that the open prairie
vegetation of the Big Barrens was created and maintained through frequent burning
by Native Americans to attract game, and later by the first European settlers to main-
tain pasturage for cattle (Michaux 1805; Mclnteer 1946). The prairie vegetation of
the Big Barrens may be partly explained by its unique limestone geology, but a rapid
shift to forest vegetation as well as cultivated fields and pasture by the early 1800s —
soon after white settlement — indicates that frequent fire was instrumental in main-
taining these open, prairie conditions (see MclInteer 1946; Baskin et al. 1994).

Historic accounts of the Ouachita Mountains ecoregion indicate that forests were
more open, with lower tree density and basal area and more shortleaf pine than today;
extensive prairies occurred in the western Ouachita Mountains (Foti and Glenn
1990). Le Page du Pratz of Natchez wrote of his travels from the Natchez to the St.
Francis in the late 1720s “during the summer, the grass is too high for travelling;



whereas in the month of September the meadows, the grass of which is then dry, are
set on fire and the ground becomes smooth, and easy to walk on: and hence it is, that
at this time, clouds of smoke are seen for several days together to extend over a long
track [sic] of country; sometimes to the extent of between 20 [100 km] and 30
[150 km] leagues in length, by two or three leagues in breadth, more or less...” and
after rains “the game spread themselves all over the meadows and delight to feed on
the new grass...” (du Pratz 1774 as cited in Foti and Glenn 1990). He writes further
“The lands we find in going up the Black [Ouachita] River... in general may be con-
sidered as one very extensive meadow, diversified with little groves, and cut only by
the Black River and little brooks, bordered with wood up to their sources” (du Pratz
1774 as cited in Foti and Glenn 1990). Dunbar and Hunter described the hills near
the Ouachita River in 1804 and 1805 as being sometimes barren, with oak-dominated
and pine woods variously in the area (Rowland 1930 as cited in Foti and Glenn
1990). In 1819-1820, botanist Edwin James described the Ouachita Mountains as
covered with small and scattered trees or nearly treeless with some denser forests
along the bases of mountains east of Hot Springs (James 1823 as cited in Foti and
Glenn 1990). In 1844, Featherstonhaugh wrote that Indian fires thinned the forests
but did not destroy them and “now that Indians have abandoned the country, the
undergrowth is rapidly occupying the ground again” (Featherstonhaugh 1844 as
cited in Foti and Glenn 1990).

During their 1818-1819 travels through the Ozark Highlands ecoregion, Henry
Schoolcraft and Levi Pettibone noted valley bottoms of dense, pristine deciduous
forest, valley walls covered with oak, hickory and pine forests, and uplands covered
by a mosaic of prairie, oak savanna, oak woods with open undergrowth, and open
grassy glades or barrens. These were probably enlarged and maintained by the
Osage Indians who set fire to prairies to drive game into the wooded areas where the
animals could be more easily killed (Rafferty 1996). Brackenridge wrote of his voy-
age up the Missouri River in 1811 that “... notwithstanding the ravages of fire, the
marks of which are everywhere to be seen, the woods, principally hickory, ash, and
walnut formed a forest tolerably close” (Brackenridge 1816 as cited in Spetich et al.
2011). Between the early nineteenth and late twentieth century, tree density in the
Boston Mountains ecoregion tripled, increasing from 133 to 378 trees per ha, and
from 123 to 287 per ha in the Ozark Highlands ecoregion, likely due to changes in
the cultural practice of intentional burning (Foti 2004).

Clearly, Native Americans throughout the CHR created abundant open conditions
in and surrounding their settlements by clearing for settlements and cropland, and by
their frequent, widespread use of fire to manage fields, woodlands, and grasslands.
Through their land management activities, Native Americans functioned as a key-
stone species by creating specific variants of early successional habitats required by
different disturbance-dependent species. Without human-created habitats, species
strongly associated with grasslands, savannas or prairies (e.g., elk, bison, bobwhite
quail (Colinus virginianus), eastern meadowlark (Sturnella magna), field sparrow
(Spizella pucilla), grasshopper sparrow (Ammodramus savannarum)), abandoned
fields (e.g., yellow-breasted chat (Icteria virens), blue grosbeak (Passerina caeru-
lea), or gardens and suburbs (e.g., song sparrow (Melospiza melodia), northern



mockingbird (Mimus polyglotus), or chipping sparrow (Spizella passerina)) would
likely have been uncommon or highly restricted in their distribution (e.g., beaver
meadows) in the CHR (Table 12.1).

12.6.3 European Settlement

DeSoto’s explorations in 1540 mark the first Native American contact with
Europeans, and the start of Native American depopulation from newly introduced
diseases and warfare (Yarnell 1998). European settlement of the CHR began in the
mid- to late 1700s (Williams 1989). By the early 1800s most Native American pop-
ulations had been severely reduced and secondary forests began to overtake their
abandoned fields and farmlands (Yarnell 1998).

European settlers in the CHR continued the Native American practice of burn-
ing, and perhaps increased the area and frequency. Human habitation was
concentrated in the river valleys and lowlands, where agriculture and burning made
their greatest mark on the landscape and surrounding slopes. As the post-Civil War
population of settlers increased in the CHR, so did populations of free-ranging cat-
tle, pigs, and other domestic animals — even at higher elevations of the southern
Appalachian ecoregion. The frequency — often annual — of burning large landscapes
also increased to expand the area of woodlands and grasslands as pasturage (Ashe
and Ayers 1901; Yarnell 1998). In 1885, ornithologist William Brewster (1886)
wrote of the Blue Ridge Mountains ecoregion “Much of the low country, especially
those portions bordering or near the larger streams, is under cultivation... Extensive
areas, however, are everywhere still clothed in forest, either of vigorous second-
growth or fine old timber.” Brewster (1886) also wrote “in many places... trees are
scattered about in groups or singly at intervals of one or more hundred feet, with
grassy openings in between, giving the country a park-like appearance.” Yellow pine
forests, open woodlands, and grasslands remained abundantly available surround-
ing settled areas during this period due to the land management activities of
European settlers (Ashe and Ayers 1901; Mattoon 1915; Ashe 1922; Balch 1928).

12.7 Recent Changes in Land Use and Condition: The Past
120 Years

Many variants of early successional or heavily disturbed habitats were likely at their
historical high for several decades in the early 1900s for several reasons: (1) much
of the CHR was systematically and progressively logged, resulting in large areas of
young forest, with new areas cut as others grew up and matured; (2) large wildfires
were common, ignited both intentionally and by sparks from trains using railroads
built to extract timber, fueled by recently cutover, dry forestland; (3) family-run



farming practices commonly left weedy fencerows, fallow fields, and untilled
patches; (4) the demise of American chestnut (C. dentata) created forests with large
numbers of standing dead trees, followed by heavily perforated canopies lasting for
many years as the ‘mighty giants’ fell and before their replacement in the canopy by
oak and other forest tree species.

Conversely, both young forest and other early successional habitats may be at an
historical low today because: (1) family-run farming operations have diminished
since the 1960s, replaced by industrialized farming practices using equipment and
herbicides that eliminate weed and brush cover; (2) forests on public lands have
been allowed to mature for the past century, with dramatic reductions in regenera-
tion harvest levels in recent decades (Shifley and Thompson 2011); (3) human pop-
ulation growth, land ownership patterns, urban sprawl, and second homes have
fragmented forests and removed large areas from the wildland base.

Additionally, in the past century, humans have had substantial indirect impact on
forest structure and tree species dominance by introducing non-native forest pests
and pathogens that have effectively wiped out (or soon will) entire tree species
within the CHR (Hicks 1998). In the early 1900s introduction of the non-native
chestnut blight (Cryphonectria parasitica) gradually killed all mature American
chestnut trees, then a dominant species throughout most of the CHR that composed
up to 50 % of forest trees in some locations. Since then, gypsy moth (Lymantria
dispar), balsam wooly adelgid (Adelges piceae), hemlock wooly adelgid (Adelges
tsugae) and others have (or soon will) dramatically altered CHR by killing impor-
tant tree species that are dominant in several forest types. Introductions of non-
native wildlife species such as starlings (Sturnus vulgaris) and house sparrows
(Passer domesticus), and increases in domestic and feral predators such as dogs
(Canis lupus familiaris) and cats (Felis catus) also negatively affect wildlife popula-
tions and communities.

12.7.1 Reduced Fire Frequency: Suppression... or Changes
in Cultural Burning Practices?

Many of the open woodlands, yellow pine forests, prairies, and other fire-maintained
conditions in the CHR began to transition to closed canopy hardwood forests
between the 1920s and 1940s, after the federal government began a campaign to
curtail the use of fire across the landscape (Spetich et al. 2011). Fire suppression
policies followed on the heels of several notable fires that burned vast areas of conif-
erous forest and killed people in the western USA or in northern states (e.g., upstate
New York and Minnesota) (Spetich et al. 2011). Catastrophic crown fires are integral
to the ecology of some coniferous ecosystems such as lodgepole pine (P. contorta)
forests in the western USA, boreal forests in northern states (Schoennagel et al.
2004), and sand pine (P. clausa) scrub in Florida (Greenberg et al. 1995); in these
ecosystems, mortality of mature pine trees is rapidly followed by release of their



seed onto the bare, fire-‘prepared’ seedbed, with regenerating forests developing
directly back to the original pine forest type. In contrast, crown fires are nearly
unheard of in hardwood forests of the CHR. Wildfires in the CHR are typically sur-
face fires that generally do not kill mature trees, and result in few long-term changes
to either fuels or forest structure as shrubs rapidly resprout, and leaf litter is replen-
ished as deciduous leaves drop the following autumn (Stottlemyer et al. 2006;
Waldrop et al. 2007, 2010).

Historically, continuous, grassy fuels likely carried fire across frequently burned
prairies, savannas and open woodlands that were locally interspersed with closed
canopy forests throughout the CHR (Flatley et al. 2013) (e.g., Fig. 12.1). However,
the relatively low frequency of lightning-ignited fire (e.g., Tuttle et al. Chap. 10;
Greenberg et al. Chap. 1, Table 1.6), and the high fire frequency required to create
and maintain a grassy ground cover, suggests that these habitats would have been
rare in the absence of frequent, intentional burning by Native Americans (and sub-
sequently by European settlers) (Lorimer 2001; Delcourt and Delcourt 2004;
Guyette et al. 2006a; see Sect. 12.4.2). A hypothetical historical CHR landscape
without forest management by Native Americans may have been dominated by pri-
marily mature or old growth forest, interspersed with beaver-engineered wetlands
and meadows along waterways, and subject to sporadic and varying natural distur-
bances (see Chaps. 1, 2, 3,4, 5, 6,7, 8, and 9, this volume) including occasional
low-severity (e.g., low tree mortality) lightning-ignited fire; high-severity (e.g.,
heavy tree mortality) lightning-ignited fires were likely mainly limited to specific
topographic positions and (or) under infrequent severe drought conditions. The
decline of open, fire-maintained habitats in the CHR resulted from (1) eliminating
the accepted cultural practice of frequ