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ABSTRACT
The Virginia landscape supports a remarkable diversity of forests, from
maritime dune woodlands, swamp forests, and pine savannas of the Atlantic
Coastal Plain, to post-agricultural pine-hardwood forests of the Piedmont, to
mixed oak, mesophytic, northern hardwood, and high elevation spruce-fir
forests across three mountain provinces in western parts of the state.
Virginia’s forests also have been profoundly shaped by disturbance. Chestnut
blight, hemlock woolly adelgid, emerald ash borer, and other pests have
caused declines or functional extirpation of foundation species. Invasive
plants like multiflora rose, Oriental bittersweet, and Japanese stiltgrass
threaten both disturbed and intact forests. Oaks and other fire-dependent
species have declined with prolonged fire suppression, encouraging
compositional shifts to maple, beech, and other mesophytic species.
Agriculture has left lasting impacts on soil and microsite variations, and
atmospheric nitrogen deposition has led to soil acidification, nutrient loss, and
diversity declines. Future changes associated with climate warming are
expected to influence species distributions and habitat quality, particularly for
hemlock-northern hardwood and spruce-fir forests. These and other
disturbances will continue to shape Virginia’s forests, influencing species
interactions, successional trajectories, and susceptibility to invasive plants and
secondary stressors, and initiating broader impacts on forest diversity,
ecosystem processes, and habitat resources for associated species and
neighboring ecosystems.
DIVERSITY OF VIRGINIA’S FORESTS
Biodiversity losses affect ecosystems throughout the world, but forests have been
particularly affected. Like most forests in eastern North America, those in Virginia
have undergone centuries of change, shaped by natural and cultural disturbances.
Pollen records suggest that Appalachian oak forests have changed more rapidly over
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the past 150 years than at any other time in the past 4,000 years (Delcourt and Delcourt
1998). Across Virginia, these rapid changes have resulted largely from agricultural
clearing, timber harvesting, and burning; invasive species impacts; intensive herbivory
by white-tailed deer; and atmospheric influences (Gilliam 2007; Fleming 2012). Habitat
loss, degradation, and fragmentation are considered primary threats to forested
ecosystems (Wilson and Tuberville 2003). In less than four decades, Virginia has lost
more than 200,000 ha of forest. Annually, this includes an estimated 20,000 ha of forest
loss and a comparable area of development throughout the state (Wilson and Tuberville
2003; VA-DOF 2014a). Non-native and invasive plants, insects, and pathogens further
threaten Virginia’s forests. Nearly half of the species listed as threatened or endangered
under the U.S. Endangered Species Act are considered at risk because of non-native
invasive species, with damage and control costs for invasive species in Virginia
estimated at $1.4 to $3 billion per year (Pimentel et al. 2005).
Virginia leads the nation in vascular plant diversity and diversity of globally rare
plants (13th and 14th, respectively) (Wilson and Tuberville 2003). Despite this
remarkable diversity, or more likely because of it, Virginia has one of the highest plant
and animal extinction rates in the country (8th in the U.S.). Much of Virginia’s diversity
results from variations in topography, regional climates, soils, and bedrock geology
across more than 750 km from the Atlantic Ocean to the Appalachian Mountains, and
numerous species at or near northern or southern geographic limits. Virginia spans
seven of 20 major “ecoregions” (U.S. EPA 2013) and five major physiographic
provinces (Woodward and Hoffman 1991; Fleming 2012) across the eastern U.S.
Descriptions of physiographic provinces and associated natural communities used in
this manuscript follow Fleming (2012), as presented in the Flora of Virginia (Weakley
et al. 2012). The Atlantic Coastal Plain in far eastern Virginia makes up approximately
one-fifth of the state. This province is dominated by maritime dune woodlands, scrub,
and grasslands; tidal marshes; forested swamps; and pine savannas (Fleming 2012).
Historically, much of the Coastal Plain was dominated by longleaf pine (Pinus
palustris) forests and woodlands, with oaks, hickories, and other pine species of greater
importance in the northern and inner Coastal Plain. Today, Coastal Plain forests are
comprised largely of loblolly and shortleaf pines (Pinus taeda, P. echinata) or southern
mixed hardwoods. Additional diversity occurs in maritime dune woodlands where live
oak (Quercus virginiana) and other drought-tolerant coastal oaks and pines are
common, and bottomland swamp forests of bald cypress (Taxodium distichum), swamp
tupelo (Nyssa aquatica), black gum (N. biflora), and red maple (Acer rubrum) (Fleming
2012; Fleming et al. 2016). West of the Coastal Plain, the Piedmont covers an
additional 40% of the state’s land area. These rolling, post-agricultural pine-hardwood
forests are relatively low in diversity and dominated by mixed oaks, most notably white
and black oaks (Q. alba, Q. velutina), and Virginia and shortleaf pines (P. virginiana,
P. echinata). Successional forests include hardwoods such as sweet gum (Liquidambar
styraciflua), red maple (Acer rubrum), tulip poplar (Liriodendron tulipifera), and
hickories (Carya spp.).
Recognition of three distinct mountain provinces emphasizes the topographic and
geologic diversity in western parts of the state. In the Ridge and Valley and the Blue
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Ridge Provinces, mixed oak forests dominate drier sandstone ridges and upper slopes
where American chestnut (Castanea dentata) once was common. Chestnut oak (Q.
montana), white oak, red oak (Q. rubra), and hickories are especially common, with
understory ericaceous or heath shrubs (esp. blueberries; Vaccinium spp.) on drier and
more acidic sites. Mesophytic species increase on calcareous substrates, particularly in
cool, moist valleys, and reach greatest importance in mesophytic cove forests in far
western Virginia, in the Cumberland and Allegheny Mountains of the Appalachian
Plateaus province. These mesophytic forests are considered a hotspot of temperate
forest diversity and are dominated by an impressive variety of tree species, including
sugar maple (A. saccharum), American beech (Fagus grandifolia), red and white oaks,
tulip poplar, basswood (Tilia americana var. heterophylla), yellow buckeye (Aesculus
flava), eastern hemlock (Tsuga canadensis), and magnolia (Magnolia spp.)
(Woodward and Hoffman 1991; Fleming 2012). At higher elevations, dominance shifts
to northern hardwoods such as sugar maple, American beech, black and yellow birches
(Betula lenta, B. alleghaniensis), and hemlock. Unique montane forests occur on the
highest peaks of the Blue Ridge, above 1,500 m, where spruce-fir (Picea rubens-Abies
fraseri) forests become prevalent.
Forest disturbances and ecosystem responses are as varied as Virginia’s forests
themselves. Maritime forests and dune woodlands on the Coastal Plain are considered
globally rare natural communities due to restricted range and threats from coastal
development, erosion, and other natural and anthropogenic impacts on dune systems.
Fire suppression is responsible for structural and compositional changes in firedependent coastal woodlands (Fleming et al. 2016). High elevation spruce-fir forests
experience greatest threat from the balsam woolly adelgid (Adelges piceae), an
introduced insect responsible for more than 90% mortality of Fraser fir (Abies fraseri),
as well as atmospheric pollution and acid deposition, and historical impacts of logging
and fire. Alluvial floodplain forests have a long history of agricultural clearing and
logging, development, and hydrologic alteration. Moist, nutrient-rich floodplain soils
also make these communities particularly susceptible to invasive plants (Spira 2011).
Across nearly all parts of the state, vast pre-settlement forests have been largely cleared
or degraded for anthropogenic land uses, particularly crops and grazing animals
(Stephenson et al. 1993; Fleming 2012). Degradation of Appalachian rich cove forests
is of particular concern due to their exceptional biotic diversity and richness of endemic
species (Woodward and Hoffman 1991; Spira 2011). In this region, overharvesting also
threatens commercially important forest herbs such as American ginseng (Panax
quinquefolius) and black cohosh (Actaea racemosa), and, like floodplain forests, mesic
conditions make these sites particularly susceptible to invasive plant encroachment.
LAND USE AND LEGACY EFFECTS
Native American settlements were documented in southeastern Virginia as early as
17,000 years ago, with small-scale agriculture and low-intensity fires increasingly used
as management practices. As Native American populations expanded 8,500 to 4,000
years ago, agricultural clearing and burning became more widespread and intensive
throughout the state (Egloff and Woodward 2006). Despite this, the Virginia landscape
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was almost continuously forested when Europeans colonized in the early 1600s. As
European settlements grew, forests were cleared rapidly, with nearly 50% of the state’s
forests were removed by the late-1800s (Fleming 2012). Intensive logging, agriculture,
and burning, and opening of mountain regions for timber and coal extraction caused
severe landscape degradation by the 1930s. By the mid-1900s, however, many farms
were abandoned and much of the eastern landscape returned to forest. In Virginia,
approximately 60% of uplands and 75% of remaining wetlands are now forested
(Fleming 2012). As a result, eastern forests have been described as more natural today
than at any other time in recent centuries (Foster et al. 2003).
Despite agricultural abandonment and reforestation in the early 20th century, today’s
forests are very different from those of the past. It is becoming clear that modern
species distributions and ecosystem dynamics cannot be understood without
considering this long-term history of anthropogenic land use, particularly agricultural
history. These influences are especially apparent in the herbaceous layer, because of
its responsiveness to site conditions and disturbance (Small and McCarthy 2005;
Gilliam 2007). Flinn and Vellend (2005) suggest that differences in species
composition, diversity, and soil characteristics in post-agricultural forests (compared
to forests without agricultural history) may persist for centuries after land
abandonment. Loss of diversity occurs through direct elimination of species during land
clearing and reduced recruitment, often due to dispersal limitations and low fecundity
of forest herbs. Encroachment of opportunistic species during forest recovery also
impacts native diversity (Foster et al. 2003; Flinn and Vellend 2005). Cultivation
(plowing) has been shown to homogenize upper soils layers, deplete nutrients and
organic matter, and remove microsite variation (e.g., pit and mound topography created
by tree falls) necessary for the germination of many forest herbs (Beatty 2003; Foster
et al. 2003). Soil amendments produce lasting increases in pH and fertility and
encourage competitive, nitrogen-demanding species (Foster et al. 2003; Flinn and
Vellend 2005). These “legacies” or persistent influences of historical land use practices
can equal or outweigh prevailing influences such as topography, soils, and modern
disturbances.
Structurally and compositionally, today’s forests also are very different from those
of pre-settlement periods. Across the U.S., most forests (~85%) are less than 100 years
old and just 0.1% are considered old-growth (> 200 years) (Gilliam 2007; Butler et al.
2015). In Virginia, youngest forests occur in the coastal plain and southern piedmont.
Throughout the state, forests are highly fragmented, with just 20% in large, contiguous
blocks (Fleming 2012; Rose 2013). A regional assessment of land cover change from
1973 to 2000 shows that forest regeneration has now slowed and forest cover is
declining across the eastern U.S. (Drummond and Loveland 2010). In 2011,
approximately 6.4 million ha in Virginia were forested – similar to 2001 forested area.
However, more than 100,000 ha of forest has shifted to non-forested use. Development
was responsible for the greatest net loss of forest, except in the inner coastal plain
where losses stemmed largely from mechanical clearing for timber and agriculture
(Drummond and Loveland 2010; Rose 2013). No major gains in forest area were
reported across the region, although Rose (2013) noted that declines in agriculture
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offset increases in development and clearing over the past decade. As a result of these
land conversions, Virginia forests today are relatively even-aged and comprised largely
of oak-hickory (Quercus-Carya), oak-pine, or loblolly-shortleaf pine (Pinus taedaPinus echinata) forest types. A sizable proportion of these forests lie in pine plantations
(~13%, esp. loblolly pine) and early-successional pine or pine-hardwood stands
(~10%), especially in the piedmont and coastal plain (Fleming 2012; VA-DOF 2014a).
FIRE HISTORY AND FOREST MESOPHICATION
Fire history also has played an important role in shaping eastern forests, including
those in Virginia. For thousands of years, Native Americans used low-intensity surface
fires to clear the landscape, prepare sites for crops, and encourage fruit production and
wild game. This periodic burning and occasional lightning fires created a patchy
landscape and strongly favored fire-tolerant trees such as oaks, American chestnut, and
pines (Delcourt and Delcourt 1998; Brose et al. 2001). Fire also was key to the
formation of open woodlands, savannas, and grasslands in Virginia (Fleming 2012).
With European colonization, fires increased in frequency and severity. High-intensity
stand-replacing fires became common in the late 19th and early 20th centuries as forests
were cleared and burned. Railroads expanded access to forests in remote parts of the
state and sparked frequent fires from coal or wood fuel ignitions. These intense fires
continued to favor oaks, hickories, chestnut, and coastal fire-tolerant pines such as
longleaf and shortleaf pines, and restricted mesophytic species such as beech and
maples to moist and protected sites (Ware et al. 1993; Nowacki and Abrams 2008).
Concern over the effects of these intense and unregulated fires led to extensive fire
suppression campaigns (i.e., Smokey Bear) beginning in the mid-20th century. These
efforts were highly effective, nearly eliminating fire from Virginia’s natural and
managed ecosystems over the next 100 years (Brose et al. 2001; Fleming 2012).
The role of fire in forest development in Virginia and neighboring regions has been
well-documented. Studies of fossil pollen and charcoal by Delcourt and Delcourt
(1998) illustrate the importance of Native American burning in expanding oak-chestnut
forests across the southern Appalachians 3,000 to 1,000 years ago, particularly on
ridgetops and upper slopes. Tree rings studies by Aldrich et al. (2014) in pine-oak
forests of the Virginia Blue Ridge and Ridge and Valley Provinces report a relatively
constant 6 to 8 year fire return interval from the late 1600s through European settlement
and early industrialized logging and railroads. By the early 1900s, however, fire scars
were almost entirely absent from these trees due to fire suppression efforts. Silver et al.
(2013) found similar results in Virginia Ridge and Valley forests, with a typical fire
return interval of 14 years from 1850 to 1930, followed by a period of marked fire
suppression. In coastal plain forests on Virginia’s Eastern Shore, Kirwan and Shugart
(2000) reported negative correlations of American beech and red maple, species highly
sensitive to fire, to soil charcoal and modeled fire frequencies. They concluded that
beech and red maple dominance is indicative of long-term fire absence, whereas scarlet
oak (positively correlated with fire history estimators) indicated a long-term history of
fire in these coastal plain forests.
Fire prevention efforts beginning in the early 1900s led to dramatic structural and
compositional changes in eastern forests. Open woodlands and savannas have been
replaced by closed-canopy forests; fire-dependent species have been replaced by those
sensitive to fire; and forest understories have become increasingly shaded, encouraging
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shade-tolerant species (Brose et al. 2001). In Virginia, many fire-dependent
communities are declining due to fire suppression, including Pond Pine (Pinus
serotina) Woodlands and Pocosins and Pine / Scrub Oak Sandhills (historically
dominated by longleaf pine) on the coastal plain and Pine-Oak / Health Woodlands in
the Appalachian Mountains (Fleming 2012; Fleming et al. 2016). Nowacki and Abrams
(2008) coined the term “mesophication” to describe the replacement of oaks, hickories,
pines, and other fire-tolerant eastern forest trees by mesophytic and fire-sensitive
species such as red maple, American beech, tulip poplar (Liriodendron tulipifera),
black birch, and Eastern hemlock. These species create dense shade and cool, moist
conditions less conducive to fire. These changes reduce oak regeneration and have
resulted in widespread declines, particularly of white oak. Once the dominant species
across much of the Central Appalachians, Abrams (2003) suggests that virtually no
white oak regeneration has occurred in eastern forests over the past 100 years, and little
to no regeneration has occurred in other upland oak species over the past 50 years.
While oaks tolerate a wide range of growing conditions, higher light, shallow leaf litter,
and periodic disturbance are needed for successful germination. In the absence of fire,
white oak tends to be a poor competitor and generally gives way to more shade-tolerant
species. In pre-settlement forests of Virginia, white oak was one of the most abundant
forest species, representing an estimated 18 to 49% of forest cover, with secondary
importance of red oak, American chestnut, chestnut oak, hickories, and pines. Today,
white oak remains dominant (30% of forest cover) only on xeric, nutrient poor sites but
is considerably less abundant (5-9%) on mesic sites (Abrams 2003).
Current forest inventory data emphasize this compositional shift to mesophytic
species. Virginia forests contain a diversity of tree species, but just four: tulip poplar,
loblolly pine, chestnut oak, and white oak – make up about 50% of the total forest
volume (Rose 2013). Since 2001, tulip poplar has increased by more than 20% in
Virginia forests. Loblolly pine has increased by 32%, with most increases in the coastal
plain and eastern piedmont. Based on tree density (rather than volume), red maple and
loblolly pine were by far the most abundant species in 2011, representing almost a
quarter of all tree stems in Virginia forests (12% and 10%, respectively). Red maple
and loblolly pine each had more than three times the density of the most abundant oaks
(white oak = 3.5%, chestnut oak = 3%). These numerous small stems indicate that red
maple and loblolly pine make up much of the regeneration layer in our forests (Rose
2013). Efforts to encourage regeneration of oaks and other fire-dependent species focus
largely on prescribed burning. Fire has been very effective in restoring some firedependent natural communities, although there is little expectation that Virginia’s
natural areas will return to pre-settlement conditions (Wilson and Tuberville 2003;
Fleming 2012).
DIRECT AND INDIRECT EFFECTS OF FOREST PESTS
Forests Pests and Pathogens
Exotic insect pests and fungal pathogens pose a serious threat to Virginia’s forests
and have been responsible for declines or functional extirpation of many forest species.
American chestnut, eastern hemlock, and other forest dominants have been described
as “foundation species” for their local abundance, importance to forest structure and
microenvironments, and regulation of ecosystem processes for co-occurring species
(Ellison et al. 2005). Effects of pests and pathogens on foundation species can be
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particularly detrimental because of these broader ecosystem impacts. For example,
American chestnut once comprised more than 50% of Appalachian forests on drier
upland sites, but by the 1940s was largely eliminated by the chestnut blight
(Cryphonectria parasitica) fungus (Paillet 2002). Today, chestnut occurs almost
exclusively as an understory shrub and typically succumbs to the blight before reaching
reproductive maturity, resulting in compositional shifts largely to oak or oak-hickory
dominance. Compared to oaks, chestnut grows and takes up nutrients more quickly,
leaves decompose more rapidly, and high tannin content results in slower wood
decomposition. Thus, ecological consequences of losing American chestnut have
included, changes in forest productivity, nutrient dynamics, and decomposition rates,
as well as reduced quantity and quality of wildlife food. Altered nutrient dynamics also
have influenced associated streams and macroinvertebrate and fish assemblages
(Ellison et al. 2005).
Like American chestnut, eastern hemlock and Carolina hemlock (Tsuga
caroliniana) may be functionally eliminated from our forest in coming decades due to
an exotic pest. The hemlock woolly adelgid (Adelges tsugae; HWA), a Japanese insect,
often kills adult trees within just four to ten years (McClure 1991). The HWA has
spread to nearly every Virginia county in which eastern and Carolina hemlocks occur
(piedmont and mountains) and has caused severe declines in hemlock populations
(Fleming 2012; Rose 2013). Abella (2014) reported nearly 50% mortality of eastern
hemlock in Shenandoah National Park from 1990-2000, with greater impacts in lower
elevation forests. Krapfl et al. (2011) found significant but somewhat lower declines
(11% mortality of canopy trees and 34% mortality of understory hemlocks) in higher
elevation forests of Great Smoky Mountains National Park from 2003 to 2008-2009.
Along streams in the Virginia Ridge and Valley province and West Virginia
Appalachian Plateau, Martin and Goebel (2012) reported that hemlock remained
dominant but both trees and saplings showed more than 50% defoliation, suggesting
that complete mortality is likely within a few years. As one of the only evergreen trees
in low- and mid-elevation Appalachian forests, hemlocks support unique ecosystem
functions. Their foliage creates dense shade, cool moderate temperatures, and forms a
thick layer of acidic and slowly decomposing leaf litter that influences water chemistry,
temperature, and flow in associated streams. Hemlock forests also support unique
assemblages of understory plants, invertebrates, birds, and mammals (Ellison et al.
2005; Abella 2014). With hemlock mortality, canopy gaps increase understory light
availability, soil temperatures and nitrification rates, and decrease moisture (Jenkins et
al. 1999), encouraging invasive plants such as Japanese barberry (Berberis thunbergii),
Oriental bittersweet (Celastrus orbiculatus), tree of heaven (Ailanthus altissima), garlic
mustard (Alliaria petiolata), and Japanese stiltgrass (Microstegium vimineum) – species
typically absent from healthy hemlock forests (Small et al. 2005; Eschtruth et al. 2006;
Martin and Goebel 2012). Former hemlock forests often shift to oak, birch, maple,
and/or tulip poplar dominance, or thickets of rhododendron (Rhododendrox maximum)
that are capable of inhibiting forest development. These new communities differ
markedly from hemlock-dominated forests in structure, microclimate, nutrient
dynamics, and habitat resources for associated species (Jenkins et al. 1999; Small et al.
2005).
Flowering dogwood (Cornus florida) has experienced severe declines due to
dogwood anthracnose (Discula destructiva), a fungal disease. Dogwood anthracnose
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was first recognized in Virginia in the early 1980s and currently affect dogwood trees
throughout the central and southern Appalachians (Suchecki and Gibson 2008).
Drought and powdery mildew also contribute to dogwood declines. In Virginia forests,
dogwood declined more than 30% from 2001 to 2007, with an additional 25% through
2011 (Rose 2013). Higher elevation moist and shaded sites, including cove and alluvial
forests, appear most heavily affected, many reporting more than 90% loss (Jenkins and
White 2002; Holzmueller et al. 2006; Suchecki and Gibson 2008). Loss of dogwood
as a subcanopy tree has the potential to reduce soil fertility and pH, as its leaf litter is
an important contributor of soil calcium, and eliminate an important food source for
many associated forest birds (Holzmueller et al. 2006).
The emerald ash borer (Agrilus planipennis; EAB), an Asian wood-boring beetle,
is a more recent threat to Virginia forests and responsible for widespread declines in
ash trees (Fraxinus spp.). Larval feeding interrupts sap flow, girdling and killing trees
often within 2 to 4 years. Early infestation sites have shown up to 99% mortality of
adult trees. All North American ash species are susceptible, including white (F.
americana) and green ash (F. pennsylvanica), those most common in Virginia forests
(Herms and McCullough 2014). In Virginia, EAB became established in 2008 and
since has been discovered in 23 counties, primarily in central and northern parts of the
state (VA-DOF 2014b). Like other forest pests, broader impacts of the EAB include
canopy gap formation, increased understory light and reduced moisture levels and
nitrification, increased woody debris, and facilitation of non-native invasive plants
(Hausman et al. 2010; Herms and McCullough 2014). Ash mortality also is predicted
to impact insect species that feed on ash trees, including more than 20 species of North
American moths, butterflies, and leaf miners that rely on ash as a primary food source
(Wagner 2007). Flower et al. (2013) also suggest substantial declines in regional forest
productivity (30% or more) with ash mortality, at least in the short-term, during which
time severely infected stands may function as carbon sources rather than sinks.
Other more recent or perhaps less well-known pathogens in Virginia forests include
butternut canker disease (Ophiognomonia clavigignenti-juglandacearum), which has
caused dramatic declines in butternut (Juglans cinerea), a species once widespread in
the northeast and southward to northern and western parts of Virginia (Clark et al.
2008; Bower et al. 2014). By 1995, nearly 80% butternut mortality was reported in
southeastern states, with complete elimination from North and South Carolina forests
(Schlarbaum et al. 1998). Other pests not yet affecting Virginia forests but raising
considerable concern include black walnut thousand cankers disease (Geosmithia
morbida), a fungal pathogen spread by the walnut twig beetle (Pityophthorus juglandis)
and first discovered in Virginia in 2011. Forest Inventory and Analysis data showed
that black walnut populations in Virginia remained healthy, with stable crown
conditions from 2000 to 2010 (Randolph et al. 2013). However, walnut mortality due
to thousand cankers disease in western states and more recent outbreaks in Tennessee
have led to careful monitoring and quarantines in Virginia.
Many other insect pests and pathogens threaten Virginia forests. Our intention is not
to not present an exhaustive list here, but to emphasize the important role they may play
in future Virginia forests. Lovett et al. (2006) suggest that these pests may be the
primary driver of ecosystem change in coming decades. Gandhi and Herms (2010) say
that these invaders have the potential to “unleash a diverse cascade of direct and
indirect effects on ecosystem processes and ecological interactions that can alter
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community composition and successional trajectories of eastern North American
forests”. Impacts common to many of these pests and pathogens include tree
defoliation, stress, and mortality; increased size and frequency of canopy gaps; altered
light, temperature, and moisture environments; increased woody debris; altered litter
quality and nutrient cycles; changes in species interactions, composition, and
successional trajectories; and facilitation of light-demanding and invasive species.
Non-Native Invasive Plants
Ninety non-native invasive plant species have been identified by the Virginia
Department of Conservation and Recreation (VA-DCR) as ecological or economic
threats to the Virginia’s protected natural areas (Heffernan et al. 2014). These tend to
be most abundant in forests of the Virginia piedmont and least in mountain provinces,
particularly in the northern Ridge and Valley (Rose 2013). Thirty-eight of the invasive
plants recognized by VA-DCR have an invasiveness rank of “high” for their
widespread abundance, ability to invade relatively undisturbed habitats, and
pronounced impacts on native species and ecosystem processes (Heffernan et al. 2014).
Across Virginia, Japanese honeysuckle (Lonicera japonica), multiflora rose (Rosa
multiflora), and tree-of-heaven are considered the most widespread and abundant
invasive plant species (Robertson et al. 1994; Rose 2013). Others ranked as highly
invasive across the state include shrubs such as autumn olive (Elaeagnus umbellata),
Chinese privet (Ligustrum sinense), and Amur honeysuckle (Lonicera maackii); woody
vines such as kudzu (Pueraria montana var. lobata) and Oriental bittersweet; and many
herbaceous species, including garlic mustard and Japanese stiltgrass (Heffernan et al.
2014).
Invasive tendencies are much more common among shrubs and herbs, as these
species tend to grow more rapidly with higher rates of vegetative and sexual
reproduction. However, tree-of-heaven (high invasiveness rank) and princess tree
(Paulownia tomentosa; medium invasiveness) are of particular concern in Virginia
(Heffernan et al. 2014). Both have increased dramatically in Virginia forests in recent
years (2007 to 2011: 16% and 14% increases) (Rose 2013). Tree-of-heaven is
particularly problematic because of its ability to suppress resident species through
allelopathy or chemical inhibition. In southwest Virginia, tree-of-heaven was found to
have greater impact on native understory species than associated invasives, suggesting
that it may facilitate the spread of other non-native plants (Small et al. 2010). Chemical
inhibition also has been noted in garlic mustard, a common invader of moist forest
understories in Virginia. Stinson et al. (2006) found that garlic mustard suppresses tree
reproduction in beech-maple forests by interrupting beneficial seedling-mycorrhizal
fungi associations, helping garlic mustard to invade relatively intact forests. Japanese
stiltgrass, also prevalent in shaded and intact forest understories, alters soil chemistry
and nutrient cycles and reduces habitat use by soil invertebrates (Ehrenfeld et al. 2001;
McGrath and Binkley 2009). Additional species have been listed by the VA-DCR as
“early detection species” – those not yet widespread in Virginia but highly invasive in
similar habitats of the region (Heffernan et al. 2014). Wavy-leaved basket grass
(Oplismenus undulatifolius), discovered just recently (late 1990s) in northern Virginia
and Maryland, has been listed as a highly invasive early detection species. Predictive
models suggest that, like garlic mustard and Japanese stiltgrass, basket grass has the
potential to invade intact and deeply shaded forests and negatively affect understory
diversity and ecosystem-level processes (Beauchamp et al. 2013).
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Recent ecological studies have focused on understanding ecosystem characteristics
that promote or inhibit “invasibility”. In temperate forests, site disturbance is very often
associated with invasive plant abundance. Numerous studies also suggest that forests
or forest patches with greater light, moisture, and nutrients, and those with higher
native plant diversity, are more susceptible to invasion (Levine and D’Antonio 1999;
Stohlgren et al. 2003; Martin et al. 2008). Using Forest Inventory and Analysis (FIA)
data from hemlock-white pine-northern hardwood forests in Pennsylvania, Huebner et
al. (2009) found consistently higher invasive plant richness in younger, fragmented
forests and those with higher soil pH (increasing availability of nutrients such as Ca,
Mg, N) and native plant diversity. Lundgren et al. (2004) and Kelly et al. (2009) also
reported increased richness and abundance of invasive plants in disturbed central
hardwood and hemlock-northern hardwood forests of southern New England,
particularly near roads and trails. Historical land use also appears to have lasting
influences on invasive plant distributions. Post-agricultural forests typically support
greater richness and abundance of invasive species than sites continuously forested
over the past 100 to 150 years (Lundgren et al. 2004; Von Holle and Motzkin 2007;
Mosher et al. 2009). Japanese barberry (Berberis thunbergii), a common invasive shrub
in Virginia forests, seems particularly problematic in post-agricultural forests
(DeGasperis and Motzkin 2007; Mosher et al. 2009).
Intact or undisturbed forests typically are thought to be more resistant to non-native
plant invasions (Luken 2003). For example, McCarthy et al. (2001) reported no nonnative species in an old-growth central Appalachian mixed-oak forest, despite dozens
of invasive species in surrounding fields and edge habitats. Recent studies, however,
suggest that many invasive species are common in intact, shaded forests and have
pronounced impacts. Martin et al. (2008) identified 58 species of invasive plants with
high shade tolerance in southern U.S. forests. While many also invade open habitats
and disturbed forests, these species have the capacity to invade deeply shaded and
intact forests. Of those species ranked as highly invasive and widespread in Virginia,
Huebner (2003) found multiflora rose, Amur honeysuckle, Oriental bittersweet, and
garlic mustard to occur frequently in closed-canopy forests, based on West Virginia
herbarium records. Oriental bittersweet and Japanese stiltgrass were especially common
in open, disturbed forests, and Morrow’s honeysuckle (Lonicera morrowii) and
Tartarian honeysuckle (L. tatarica) occurred in both forest environments. Habitat
models for Oriental bittersweet in North Carolina mountains showed preference for
mesic tulip poplar (non-oak) forests and sites with canopy and forest floor disturbance
(McNab and Loftis 2002). In these forests, prolonged invasion of bush honeysuckles
(e.g., L. maackii, L. morrowii, L. tatarica) and Oriental bittersweet has been shown to
suppress native species, reducing richness and abundance of tree seedlings and
understory herbs, and altering vegetation development patterns in developing forests
(Fike and Niering 1999; Collier et al. 2002, Hartman and McCarthy 2008). Thus, it is
clear that across Virginia’s forests, non-native, invasive plants exert broad impacts on
native species that range from direct competition for resources to indirect effects such
as altered nutrient cycles, light environments, plant-pollinator interactions, and
successional trajectories (Butler et al. 2015).
White-Tailed Deer and Forest Regeneration
From the 1930s to the 1990s, white-tailed deer (Odocoileus virginianus)
populations across Virginia expanded from 25,000 to 900,000 deer – an increase of
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3,500%! (Cote et al. 2004). Changes in land use, especially agriculture and forest
fragmentation, loss of top predators, and reduced hunting have led to unprecedented
increases in deer in eastern North America. Damage to forest plants from excessive
herbivory has been shown to occur at densities as low as 4 deer / km2 (10 / mi2)
(Alverson et al. 1988). In 1988, deer densities were reported at well over 12 / km2 (30
/ mi2) in many parts of Virginia, most notably northern and southeastern regions (VDGIF 2007). Populations throughout the state are estimated to be beyond forest carrying
capacities, except in south central and extreme southwest counties. In managed forests
of Virginia and elsewhere, excessive browsing also has been shown to reduce stand
height and density and lengthen rotation periods, greatly reducing economic value of
timber (Cote et al. 2004).
White-tailed deer have been described as keystone species or ecosystem engineers
for their broad influences on forest structure, composition, and diversity (McShea and
Rappole 1992; Baiser et al. 2008). Intense herbivory reduces growth, regeneration, and
survival of preferred browse species, driving shifts in forest composition and
successional pathways (Horsley et al. 2003; Baiser et al. 2008). Preferred species,
including oaks and hemlock, are typically uncommon or absent from forest understories
outside deer exclosures (McShea and Rappole 1992). There is particular concern for
reestablishment of eastern hemlock following hemlock wooly adelgid attack, as
seedlings are slow growing and especially susceptible to deer browse (Cote et al. 2004).
In coastal oak-beech forests near Washington, D.C., Rossell et al. (2007) reported
severe oak decline and predicted that continued deer browse will shift future forests
almost exclusively to American beech. In mixed-hardwood forests on the Virginia
coastal plain, Kribel et al. (2011) documented similar increases in beech and holly (Ilex
opaca) and declines in red maple, dogwood, and other hardwoods, suggesting that these
changes most likely were driven by selective deer browse. Similar studies in
Appalachian forests found increases in American beech and reductions in red maple,
sugar maple, white ash, and black cherry in response to excessive browse (Kain et al.
2011). Deer avoidance also has favored hay-scented fern (Dennstaedtia punctilobula)
in many eastern forests (Horsley et al. 2003). Hay-scented fern is a strong understory
competitor and has been shown to reduce germination and survival of red oak, white
ash, and birch seedlings (George and Bazzaz 2003)
Plants with slow growth and reproductive rates such as spring ephemerals and other
mature, mesic forest herbs and shrubs are particularly susceptible to herbivory,
especially in spring and summer when herbaceous plants are a primary component of
deer diets and most or all above-ground biomass is consumed. In Smoky Mountains
National Park, Thiemann et al. (2009) reported severe declines in richness and cover
of forest herbs, including complete loss of 46 species from sample plots. These changes
occurred from the late 1970s to 2004, a period when peak deer densities reached 43
deer / km2. Many forest herbs also delay flowering for several seasons after defoliation
or shift to predominantly non-reproductive states. In Trillium (Trillium spp.), excessive
browsing reduced average plant size, lowered survival rates, and delayed flowering for
many years (Augustine and Frelich 1998). Similarly, Canada mayflower
(Maianthemum canadense) was 40 times less likely to flower when exposed to deer
browse (Cote et al. 2004). Furedi and McGraw (2004) found that deer eliminated more
than half of all fruit-bearing American ginseng plants from West Virginia forests and
consumed 50 to 100% of all seeds in some populations. As a result of deer browse and
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intense wild harvest pressures, this and other economically valuable Appalachian
medicinal herbs may be driven to extinction in the coming century.
Intensive deer browse can initiate far reaching, cascading effects in forested
ecosystems. Through direct competition and habitat alteration, deer influence the
abundance and distribution of associated animal species. Deer exclosure studies in
Shenandoah National Park and elsewhere suggest that removal of understory vegetation
increases light and habitat space, facilitating establishment of shade-tolerant invasive
plants like garlic mustard, Japanese stiltgrass, and Japanese barberry (Rooney et al.
2004; Knight et al. 2009). Deer-assisted seed dispersal (on hair and hooves) and browse
avoidance (preferential browsing on more palatable species) also facilitate spread of
these invasives into forest understories. In turn, invasive plants limit regeneration of
native trees and herbs through shading and other forms competitive exclusion.
Understory removal also eliminates essential habitat resources and causes declines in
ground- and midstory-nesting birds and understory insects and spiders (Cote et al.
2004; Baiser et al. 2008). In the fall, deer feed heavily on acorns and other fruits.
Competition for food resources has been shown to limit small mammal and other
wildlife populations in Virginia forests, particularly during poor mast years (McShea
and Rappole 1992). Other broad-ranging ecosystem effects include reduced forest
productivity and nutrient cycling, as preferred browse species often are those with
nutrient-rich foliage. Remaining unpalatable species or plant components leave lower
quality leaf litter for nutrient cycling through the forest ecosystem.
ACID DEPOSITION, CLIMATE CHANGE AND FUTURE FORESTS
Over the past century, industrial and agricultural emissions of nitrogen and sulfur
oxides have greatly increased, altering global biogeochemical cycles and increasing
concern for the effects of acid deposition on eastern forests. Though Clean Air Act
regulations have reduced sulfur emissions and improved air quality in some regions,
atmospheric nitrogen and associated deposition continue to increase in many northeast
and mid-Atlantic forests (Erisman et al. 2013). Today, some historically nitrogenlimited forests show symptoms of “nitrogen saturation”, the availability of nitrogen in
excess of biological demand (Aber et al. 1998). Excess nitrogen has been linked to
severe ecosystem changes, including increased nitrogen mineralization and nitrate
leaching, soil acidification and nutrient loss (esp. calcium and magnesium), aluminum
toxicity, and watershed eutrophication. Plant-mycorrhizal associations, important in
nutrient absorption for many forest species, also typically decline with nitrogen
enrichment (Pardo et al. 2011; Erisman et al. 2013).
Some of the most obvious effects of increased nitrogen deposition are changes in
species composition, diversity, and overall forest declines (Bobbink et al. 2010). High
elevation spruce-fir forests receive especially high levels of nitrogen deposition due to
persistent cloud cover and wet and dry deposition. Effects include reduced tree growth,
foliar nutrient imbalances and needle dieback, and increased susceptibility to secondary
stressors such as insect pests and diseases, drought, and freezing or frost damage
(Bobbink et al. 2010; Gilliam 2014). Fraser fir, a high elevation southern Appalachian
endemic, has been largely eliminated from the canopy of these forests by the introduced
balsam woolly adelgid and stress from chronic acid deposition (Stehna et al. 2013).
Recent studies suggest that nitrogen deposition also negatively affects deciduous forests
in the central and southern Appalachians (Boggs et al. 2005; Pardo et al. 2011).
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Changes in species composition and reduced diversity have been noted repeatedly, as
species adapted to nutrient-limited conditions are replaced by species capable of rapid
nitrogen utilization or those less affected by soil chemistry and acidification. While
specific influences vary, decreased growth and survival of chestnut oak, scarlet oak,
yellow birch, and basswood have been reported in northern hardwood forests, as well
as increases in faster-growing, mesophytic species such as red maple, black cherry, and
invasive plant species (Pardo et al. 2011; Gilliam 2014). In Virginia, effects of
increased nitrogen deposition have been well-documented in mountain forests.
Piedmont and coastal plain forests receive lower levels of atmospheric nitrogen
deposition and have had little associated study. It is expected, however, that eastern
Virginia forests will respond to excess nitrogen in much the same way, with nitrate
leaching and soil acidification, changes in foliar nutrient concentrations and increased
susceptibility to secondary stress, and shifts in community composition and declines
in species richness (Gilliam et al. 2011).
In a review of nitrogen saturated forests in eastern North America, Fenn et al.
(1998) suggested that young, vigorously growing forests are most efficient in retaining
excess nitrogen, whereas mature forests have relatively low nitrogen retention
capacities. In addition, changes in composition and diversity tend to be most
pronounced on nutrient-poor sites (Fenn et al. 1998; Bobbink et al. 2010). Forest
understory communities are particularly sensitive to nutrient dynamics and have shown
significant compositional shifts in response to excess nitrogen. Repeated nitrogen
enrichment treatments in eastern deciduous forests have resulted in increased tree
canopy cover, causing severe shading and reduced richness and abundance of
understory herbs (Bobbink et al. 2010). Gilliam et al. (2011) found initial increases in
understory herbaceous cover in central Appalachian forests, but again reported declines
in species richness. As in the canopy, declines in herbaceous layer diversity were
attributed to competitive exclusion by fast growing, nitrophilous or mesophytic species
and non-native invasive species, reduced mycorrhizal associations, and increased
susceptibility to disease and herbivory (Gilliam 2007; Gilliam et al. 2011).
Climate changes associated with increased nitrates, carbon dioxide, and other
greenhouse gases have influenced Central Appalachian forests for decades and are
expected to increase throughout this century. A recent climate change vulnerability
assessment for central Appalachian forests suggests that regional temperatures will
increase year-round, resulting in longer growing seasons and more frequent weather
extremes (Butler et al. 2015). Decreased precipitation in summer months will increase
the potential for drought-stress, and increased precipitation in winter will increase
streamflow and flooding potential. Warming and drought impacts are expected to have
greatest effects on northern hardwood, hemlock, and spruce/fir forest types, those
typical of cool, moist environments, and reduce habitat quality for associated species
such as beech, sugar maple, black cherry (Prunus serotina), red spruce, and balsam fir.
The forest herbaceous layer also is expected to respond to climate changes, given its
sensitivity to moisture and microclimatic variations, including perennial herbs of
economic and cultural importance for medicinal use, foods, or crafts (i.e., non-timber
forest products) (Butler et al. 2015; See McGraw et al. 2013 for detailed discussion of
climate change and American ginseng.). Floodplain and riparian forests also are
expected to be vulnerable. In contrast, drier, southern forest types such as dry and drymesic oak-hickory and oak-pine forests and woodlands are predicted to be least
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vulnerable, with potential expansion of species such as shortleaf pine, southern red oak
(Q. falcata), blackjack oak (Q. marilandica) post oak (Q. stellata), and shagbark and
bitternut hickories (Carya ovata, C. cordiformis) under warmer and drier climate
conditions (Butler et al. 2015).
Just as climates affect native species and forest communities, climate changes are
expected to influence the distribution and overall impacts of forest pests and other
disturbances. Warmer climates are likely to support range expansion for a number of
invasive species, include some of Virginia’s most problematic species (Dukes et al.
2009). For example, the hemlock woolly adelgid has been limited by winter
temperature extremes. Expansion of this insect pest northward and into higher elevation
sites is expected with warmer climates. Similar increases in geographic range and
ecological impacts are predicted for beech bark disease, currently isolated to just a few
Virginia forests, and forest tent caterpillars, responsible for severe defoliation of oaks,
maples and other canopy species. Several invasive plant species also are predicted to
expand with warmer temperatures, including Oriental bittersweet, tree of heaven,
kudzu, privet, and bush honeysuckles (Dukes et al. 2009; Butler et al. 2015). More
frequent and severe droughts also are expected to increase the intensity and frequency
of wildfires, further influencing nutrient cycles, forest regeneration, and resulting
successional pathways (Dale et al. 2001).
The composition and diversity of Virginia’s forests reflect variations in topography,
regional climates, and soil conditions across the state. However, our forests also have
experienced, and are continuing to experience, natural and anthropogenic disturbances
and subsequent successional changes. Agriculture, timber harvest, and shifting fire
regimes have left lasting influences on vegetation and ecosystem properties. Oaks and
other fire-dependent species have declined in many forests due to prolonged fire
suppression, with compositional shifts to shade tolerant, mesophytic species. Forest
fragmentation, exotic plants, insects, and pathogens, and intensive deer browse also
shape forest regeneration and herbaceous layer diversity. And, climate changes are
predicted to influence both native and invasive species and the timing of pest outbreaks.
It is clear that to manage and conserve Virginia’s forests in the future, we must work
to understand the complex and synergistic effects that influence the remarkable
diversity of our forest communities.
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