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ABSTRACT
Virginia’s diverse environments support 84 amphibian species (anurans and
caudates), making it the third highest state in terms of species richness. 
However, the Commonwealth matches the global trend in declining
amphibian populations with over one-third of its amphibian species in
conservation need.  The Species of Greatest Conservation Need included in
the most recent Virginia Wildlife Action Plan cut across amphibian families
and ecoregions. It is challenging to ascertain the exact cause of most of the
population declines.  In one degree or another, all of the global threats to
amphibians exist within Virginia’s borders.   While an active research
program on amphibians exists in the Commonwealth, there are an abundance
of data deficient topics where research can help detect and inform the cause
of these declines, as well as evaluate management efforts.  On a positive note,
there are a large number of existing conservation efforts being undertaken
across Virginia that directly or indirectly benefit local amphibians.

“These foal and loathsome animals are abhorrent because of their cold body, pale
color, cartilaginous skeleton, filthy skin, fierce aspect, calculating eye, offensive smell,
harsh voice, squalid habitation, and terrible venom; and so their Creator has not
exerted his powers to make many of them.” Carolus Linnaeus 1758

 INTRODUCTION
Some people would likely still describe amphibians as Linnaeus once did, but today

we know they are a diverse class of vertebrates, many in number and integral
components of ecosystems (Hocking and Babbitt 2014). They are ecologically
recognized for their energy efficiency and nutrient cycling. Amphibians serve as prey
to many different organisms and as predators consuming vast numbers of insects,
including those species that are vectors for diseases or cause agricultural damage. 

1 Corresponding author: jennifer.sevin@gmail.com
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People have, and continue, to use amphibians for a variety of purposes, including as
food, pets and cultural icons. Additionally, the applications of amphibians for human
health are wide ranging, including serving as important research subjects and for the
treatment of all kinds of ailments (Burggren and Warburton 2007, O'Rourke 2007,
Hocking and Babbitt 2014).

Amphibians are the earliest terrestrial Tetrapods, first appearing during the late
Devonian Period about 360 million years ago. Their physiological, biological,
behavioral and ecological adaptations have enabled them to inhabit every continent
except Antarctica. Over 7,400 species of amphibians have been described globally
across three orders: Anura (frogs and toads), Caudata (salamanders and newts) and
Gymnophiona (caecilians) (refer to www.amhibiaweb.org for the most up to date
species list). Amphibians are ectothermic organisms mostly known for their permeable
skin, complex life cycles, limited mobility, and strong site fidelity. They have
anamniotic (jelly-like) eggs with dozens of reproductive modes, ranging from internal
to external fertilization, and small clutches of guarded eggs on land to thousands of
eggs deposited in standing water. The same characteristics which make amphibians
unique are the very attributes which also make them susceptible to changes in the
environment. For these reasons, amphibians are considered good indicator species of
ecosystem health (Blaustein et al. 1994, Welsh and Droege 2001, Davic and Welsh
2004, Hopkins 2007). However, if the responses of these organisms are truly indicative
of what is happening in the environment, there is great cause for continued concern.
Over the past few decades, amphibian populations across the globe have experienced
declines, local extirpations and species extinctions (Blaustein and Wake 1990, Gibbons
et al. 2000, Stuart et al. 2004, Lannoo 2005, Bishop et al. 2012). Amphibians are now
considered one of the most threatened groups of organisms globally, with
approximately 40% of species threatened (Stuart et al. 2004, Bishop et al. 2012). This
paper explores the status of amphibian populations across Virginia, their potential
threats, and actions taken to conserve them.

VIRGINIA’S AMPHIBIANS
Noted for their loud calls, the first printed record of frogs in Virginia is from Robert

Beverley’s The History and Present State of Virginia in 1705 (Mitchell 2013).
However, it was not until the early 1900s when Emmet Reid Dunn conducted his
seminal work on Virginia’s amphibians that the true diversity was realized (Mitchell
2013). Even today, studies using genetic techniques are describing new species (Tilley
et al. 2008, Fienberg et al. 2014).

There are currently 84 documented species of anurans (referred to as frogs
throughout the remainder of paper) and caudates (referred to as salamanders throughout
the remainder of paper) in the Commonwealth of Virginia (Appendix). The Big Levels
Salamander (Plethodon sherando), Shenandoah Salamander (P. shenandoah) and Peaks
of Otter Salamander (P. hubrichti) are endemic to the Commonwealth; meaning they
are found only in Virginia and nowhere else in the world. The other 81 species are
found in at least one other adjacent state. The most recent addition to Virginia’s species
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list came in 2015, with the Atlantic Coast Leopard Frog (Rana kauffeldi) (Feinberg et
al. 2014).

Virginia has the third highest amphibian diversity of the states (Stein 2002).
Supported by a diverse array of habitats, these amphibians span the Commonwealth,
from coastal wetlands to mountain top ridgelines. Some species of amphibians are
habitat generalists, such as the ubiquitous American Bullfrog (Lithobates catesbeianus)
which occupies every county in Virginia and a variety of freshwater aquatic habitats.
Other species are habitat specialists, such as the rock outcrop residing Green
salamander (Aneides aeneus).

Virginia has six main ecoregions as described by The Nature Conservancy,
including the Cumberland and Southern Ridge and Valley, Southern Blue Ridge,
Central Appalachian Forest, Piedmont, Mid-Atlantic Coastal Plain, and the Chesapeake
Bay Lowlands. Each region differs in topography, geology, climate and vegetation.
Both frogs and salamanders occupy each ecoregion, but they display different patterns
of species richness (Figure 1). In general, frogs predominate in the eastern ecoregions,
while more salamanders reside in the western ecoregions.

STATUS OF VIRGINIA’S AMPHIBIANS
Species assessments are conducted by multiple organizations and for a variety of

purposes. This paper uses established rating systems in discussing the status of
Virginia’s amphibians (Appendix), including the IUCN Red List, NatureServe
Conservation Status (global=GRank and state=SRank),  U.S. Fish and Wildlife Service
endangered species listing (ESA), State of Virginia endangered species listing (State)
and the Virginia Wildlife Action Plan (2005 and 2015 WAP). The authors consider a
species of concern to be one that has been ranked as imperiled by at least one of the
known ranking systems.

All 28 species of frogs found in Virginia also occur in at least one other state. 
According to the range-wide assessments (i.e. IUCN, NatureServe GRank and ESA),
none of these species are imperiled. On the local level, eight of the 28 species (29% of
total frogs) are of conservation concern in Virginia. Five species are listed by both
NatureServe SRank and Virginia’s WAP, while an additional three species are listed
only on the WAP. The Barking Treefrog (Hyla gratiosa), listed as State Threatened,
is the only State listed species. The Atlantic Coast Leopard Frog is not considered in
any ranking system because it is newly described (Fienberg et al. 2014) and therefore
no previous data for comparison are available for assessment purposes.

A different story holds true for the salamanders. According to the NatureServe
GRank, ten species are of conservation concern across their entire range. The IUCN
ranking is in agreement with the NatureServe GRank on eight of these species. 
According to the NatureServe SRank and Virginia’s WAP an additional 19 species are
of conservation concern within Virginia. Four of these species, however, are only listed
by NatureServe and one additional species only by the WAP. Including all listings, the
total salamander species of conservation concern in Virginia is 29 (52% of total). 
Three of these species are listed as State Threatened or Endangered, including the
Mabee’s Salamander (Ambystoma mabeei) (ST), Eastern Tiger Salamander (A.
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FIGURE 1. Number of Virginia amphibians based on the six terrestrial ecoregions
designated by The Nature Conservancy. A species may be represented in more than
one ecoregion. Ecoregions include CSRV = Cumberland and Southern Ridge and
Valley, SBR = Southern Blue Ridge, CAP = Central Appalachian Forest, PIED =
Piedmont, CBL = Chesapeake Bay Lowlands and MACP = Mid-Atlantic Coastal Plain.

tigrinum) (SE) and Shenandoah Salamander (SE)). The Shenandoah Salamander is the
only amphibian in Virginia listed by the U.S. Fish and Wildlife Service as Federally
Endangered.
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Of note are the discrepancies in the different assessments. There may be a number
of contributing factors for the differences, but two considerations are worth mentioning
in relation to rankings in Virginia. The NatureServe listings were last reviewed on
average 11 years ago and in some cases may be outdated. In addition, useful
information about species on a state or more local level are not always published in the
peer-reviewed literature used in conducting the larger assessments. Considering
government biologists and local researchers are consulted in drafting state WAPs,
heavier weight on these rankings may be warranted.

Directed by the U.S. Fish and Wildlife Service, the first Virginia WAP was
developed in 2005 with 38% of Virginia’s amphibians listed as Species of Greatest
Conservation Need (SCGN). During the recent 2015 review of the WAP, none of the
species on the 2005 list were removed or downgraded in ranking. Although no
additional species were added to the list either, the Eastern Hellbender (Cryptobranchus
alleganiensis alleganiensis), Peaks of Otter Salamander, Cow Knob Salamander (P.
punctatus) and Weller’s Salamander (P. welleri)  were moved up in ranking to Tier 1
species. The Big Levels Salamander was omitted from consideration in the 2005 WAP
because it had just been identified and its status in the revised 2015 WAP is being
reviewed. The 2015 WAP is meant to be more detailed than that from 2005. It includes
an additional conservation opportunity ranking for listed species, emphasizes habitats,
and provides for local action plans with effectiveness measures.

The SGCN listed in the 2015 WAP cut across orders, families and ecoregions. Four
of the five families of frogs and five of the six families of salamanders contain species
listed in the WAP. When taking into account ecoregions, those frogs found within the
Mid-Atlantic Coastal Plain and Chesapeake Bay Lowlands ecoregions appear to be
more imperiled than those species farther inland (Table 1). The imperiled salamanders,
however, are distributed more broadly across the different ecoregions. For most of
these species, the exact cause of decline is unknown. What is known is that amphibians
face many threats across the Commonwealth.

ENVIRONMENTAL THREATS AND IMPACTS TO
 VIRGINIA’S AMPHIBIANS

Virginia’s amphibians follow the global trend with nearly 40% of all species listed
as SCGN. An abundance of threats are present across the Commonwealth and it is
challenging to ascertain the direct cause(s) of decline for each of the amphibian species.
Amphibians may be affected directly or indirectly from the threats, which could be
acute or chronic. Impacts may manifest in lethal or sublethal manners and affect each
species, and even life stage, differently. Furthermore, amphibians are affected not only
by individual threats, but likely also by multiple threats acting synergistically. The
information presented here is not meant to be an exhaustive review or indicative of all
known or possible environmental threats to amphibians. The intent is to highlight the
leading threats to amphibians globally and put them in the context of Virginia.
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TABLE 1. Distribution of amphibian species by number and percentage (in
parentheses) listed as Species of Greatest Conservation Need on the 2015 Virginia
Wildlife Action Plan. Some species are listed in more than one ecoregion. Ecoregions
include CSRV = Cumberland and Southern Ridge and Valley, SBR = Southern Blue
Ridge, CAP = Central Appalachian Forest, PIED = Piedmont, CBL = Chesapeake Bay
Lowlands and MACP = Mid-Atlantic Coastal Plain.

CSRV SBR CAP PIED CBL MACP

Anurans 1 (11) 0 (0) 1 (8) 1 (7) 4 (20) 6 (25)

Caudates 11 (38) 7 (30) 9 (30) 2 (15) 4 (27) 7 (41)

Habitat Loss
Changes in habitats are credited with being the largest threat to amphibians globally

(Bishop et al. 2012). Maintaining large patches of undisturbed forests, wetlands and
other habitats is challenging anywhere where there is a large demand on natural
resources and human population. Farming, the leading economic industry in Virginia,
covers approximately 32% of Virginia’s land (VDACS 2016). The leading factor in
loss of forest land, however, is urbanization and development (VDOF 2016). According
to the U.S. Census Bureau, Virginia’s population is over 8 million, an increase of 5
million since 1950. Since 1977, Virginia has lost over a half million acres of forest land
(VDOF 2014) and over 40% of the Commonwealth’s wetlands have been lost since
colonial times (Booth 2012). Despite loss of habitat, co-author J. D. Kleopfer believes
many species listed in the WAP have abundant habitat to maintain viable populations.
He believes their limited distribution and dispersal ability within the Commonwealth
makes them vulnerable, particularly to stochastic events and climate change.

Roads
Roads as a form of infrastructure are a threat to amphibians globally (Andrews et

al. 2008). Amphibians are often seen crossing Virginia’s roads during the breeding
season, rains, or when roads are adjacent to wetlands or other prime habitat. The vast
network of roads across the landscape coupled with the inability of amphibians to
quickly escape automobile traffic results in direct impacts (i.e. injury or mortality), as
well as indirect affects (i.e. barriers to gene flow, introduction of pollution) (Andrews
et al. 2008, Beebee 2013, Cosentino et al. 2014). Despite the prevalence of amphibians
on roads in Virginia, there is only one known study which looked at road mortality over
five visits in three years of juvenile red-spotted newts (red efts; Notophthalmus
viridescens) on a portion of Country Road 629 (Mitchell 2000). The highest observed
mortality was 182 dead individuals over a 0.25 km distance, but other visits only found
10 or less dead salamanders (Mitchell 2000). Actions have been taken to reduce mass
mortality of explosive breeders when they migrate to breeding sites. For instance,
Riverside Drive has been closed to facilitate the migration of Spotted Salamanders (A.
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maculatum) to and from Richmond’s James River State Park during spring rains. In
addition, the Loudoun Wildlife Conservancy and other organizations have a brigade of
citizens who help amphibians cross roads safely during breeding events.

Less evident and harder to mitigate are the indirect impacts of roads (Andrews et
al. 2008). Even unpaved roads can create forest-edge effects and negatively impact
salamander abundance adjacent to them (Marsh and Beckman 2004, Marsh 2007).
Wide paved roads are considered a possible barrier to gene flow of Red-backed
Salamanders (P. cinereus) (Marsh et al. 2008), although this species also shows genetic
differentiation over areas 200 meters or more in contiguous habitat (Cabe et al. 2007). 
Additionally, pollution originating from roads is a threat to amphibians. Stormwater
runoff from roads and paved surfaces is a source of pollution into amphibian habitats. 
American Bullfrog and Green Frog (L. clamitans) tadpoles in highway drainages in
Virginia had higher concentrations of heavy metals than their counterparts (Birdsall et
al. 1986). Litter (solid waste) along roadsides may also pose a challenge to amphibians.
A study conducted to quantify impacts of littered bottles on small mammals along
Virginia roads documented trapped amphibians (Benedict and Billester 2004). Nylon
landscaping netting often used on roadsides to control erosion has also been observed
to entangle and kill frogs (J. D. Kleopfer, pers. obs. 2016).

 Pollution
Pollution, whether from a specific episodic event, or chronic input over an extended

period of time, can negatively influence amphibians in lethal and sub-lethal ways.
There is a breadth of information globally on pollution impacting amphibians, ranging
from pesticides as endocrine disruptors to nutrients increasing the prevalence of
deformities in amphibians (Karraker 2009, Mann et al. 2009, Bishop et al. 2012, Egea 
Serrano et al. 2012, Baker et al. 2013). However, there is a great need for researching
the potential impacts of pollution on amphibians from agriculture, road deicing and
other sources in Virginia. Locally, acidity and mercury are the two pollutants
investigated most frequently.

Acid pollution in Virginia originates from both non-point sources, such as acid rain,
and point sources, including acid mine drainage. The characteristics of a particular
habitat, the species and species’ life stages all play roles in the response of amphibians
to acidic inputs (for laboratory levels of acidity impacting amphibians refer to Freda et
al. 1991, Green and Peloquin 2008). The acid neutralizing capacity (ANC) of a habitat
is an important predictor of how a particular system will respond to inputs of acid. In
Virginia, habitats with little or no ANC, such as ephemeral ponds in York County, are
becoming more acidic over time (Fairman et al. 2013). Many amphibians rely on these
types of habitats for breeding. The breeding of Spotted Salamanders decreased over an
eight year period in ephemeral ponds with higher acidity and concentrations of
aluminum, copper, silicon, and zinc than in other ponds (Blem and Blem 1991).
Fairman et al. (2013) also documented a decrease in pond occupancy by Mabee’s
Salamanders in highly acidic ponds, but it was difficult to make a direct causal
relationship to acidity.

In other cases where the measured pH of aquatic habitats is decreasing, the impact
on amphibian populations is not evident. In Shenandoah National Park, where stream
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acidity has been increasing, amphibian species richness and abundance have remained
stable (Mitchell 1999, Grant et al. 2005). The acidity of these streams, however, has not
dropped below pH 4.9 (Grant et al. 2005) and laboratory studies indicate Virginia
stream salamanders show susceptibility starting around pH 4.2 (Green and Peloquin
2008). In models predicting occupancy of plethodontid salamanders, pH is a covariate
with low level support in candidate models (Grant et al. 2014). The acidity levels in the
streams included in the models were quite low (avg. pH 5.5) but a stronger negative
association may become evident at higher acidity levels (Grant et al. 2014).

Mercury is another pollutant which enters the environment from both point and
non-point sources. Widespread emissions result in wet and dry deposition of mercury
across the landscape. The mercury then becomes available for uptake by amphibians
through their skin or by ingesting contaminated prey. Hamed (2014) found Black-
bellied Salamanders (Desmognathus quadramaculatus) on Whitetop Mountain to
contain extremely high levels of mercury. Furthermore, salamanders from higher
elevations and north facing slopes, where deposition was greater, had higher levels of
mercury than other salamanders. Interestingly, mercury levels in salamanders from
museum samples taken in the 1950s from the same location were found to have even
higher levels of mercury, indicating that regulations have been successful in reducing
levels of mercury pollution (Hamed 2014).

Old manufacturing factories in Virginia, such as those on the South River and North
Fork of the Holston River, are sources of point source mercury inputs. Amphibians
from downstream sites have higher mercury levels than reference sites above the
pollution source (Bergeron et al. 2010, Bergeron et al. 2011, Burke et al. 2010).
Contaminated Two-lined Salamanders (Eurycea spp.) from the study area demonstrated
altered locomotor performance and prey capture (Burke et al. 2010). American Toads
(Anaxyrus americanus) transferred mercury to eggs, although this did not appear to
impact population numbers (Bergeron et al. 2011).

Introduced, Naturalized and Invasive Species
Often considered a type of biological pollution, invasive species have been linked

to declines in native amphibian populations around the globe. There are no known
naturalized or invasive amphibian species in Virginia (VDGIF 2014), although there
are records of some non-native amphibian species being introduced into the
Commonwealth without establishing naturalized populations. The U.S. Geological
Service Aquatic Nuisance Database (2015) documents introductions of Cuban Tree
Frogs (Osteopilus septentrionalis) and African Clawed Frogs (Xenopus laevis). The
Cuban Treefrogs were not expected to be able to survive the mid-Atlantic winter and
the African Clawed Frogs are believed to have been eradicated during two collection
events (USGS 2012). At least one known native Virginia amphibian was introduced
outside its range. Between 1935-1945 the Northern Gray-Cheeked Salamander (P.
montanus, formerly P. jordani) was introduced to Mountain Lake Biological Station
for research purposes. A breeding population was established, but the addition of this
species to the community has no apparent impact on the local salamander species,
particularly its congener the Slimy Salamander (P. glutinosus) (Cunningham and
Rissler 2013).
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Unfortunately, naturalized and invasive species of other taxa are present in Virginia. 
No study has linked any one of these species to declines in local amphibians, but the
threat is possible. For instance, the invasive Snakehead Fish (Channidae spp.) are
known to consume amphibians (Courtenay and Williams 2004), as are the introduced
Brown Trout (Salmo trutta) (Gratwicke 2008). Feral and pet cats, believed to be killing
millions of birds a year, are also known to kill and eat amphibians (Mitchell and Beck
1992). Beyond predation, invasive species can also alter amphibian habitat, such as the
Hemlock Woolly Adelgid (Adelges tsugae), an insect which kills hemlock trees (Tsuga
spp.) causing an increase in soil erosion and stream sedimentation (VISWG 2012).
Feral Hogs (Sus scrofa) are a growing issue in Virginia (VDGIF 2016). Their impacts
on local amphibian populations are unknown, but among eating amphibians as prey,
they have also been known to destroy wetlands used as amphibian breeding sites
(Jolley et al. 2010).

Emerging Infectious Diseases
A number of pathogens and parasites, including trematodes, fungi, bacteria, and

viruses have been associated with declines and deformities of amphibian species
globally (Daszak et al. 2003). While malformations of amphibians have been
documented in Virginia, the numbers are not high enough to warrant concern (J.D.
Kleopfer, pers. Obs. 2015). The discussion here only focuses on a few higher profile
diseases.

Ranavirus is a genera of DNA-based iridoviruses found in amphibians, reptiles and
fish. Each taxon experiences different symptoms, but often the disease becomes
apparent only when a mass die-off occurs. Die-offs occur suddenly and, at least in most
amphibians, are usually associated with the metamorphosing stages. There are
unpublished data and anecdotal evidence of mass amphibian die-offs occurring in
Virginia, but no published records. One author (J. Sevin, unpublished) knows of multi-
year die offs of Wood Frog (L. sylvaticus) metamorphosing tadpoles in two artificial
ponds in Warren County.

Infection by Ranavirus, however, does not always result in disease and mortality.
The presence of Ranavirus has been detected in the wild in a number of salamander
species in Virginia without any known mortality (Davidson and Chambers 2011,
Hamed et al. 2013, Blackburn et al. 2015). Nelson (2010) documented the presence of
Ranavirus in anuran tadpoles associated with some Virginia fish-hatcheries. It is
possible some amphibians testing positive for Ranavirus may be asymptomatic and
serve as reservoirs for the pathogens (Goodman and Ararso 2012). Likewise, Ranavirus
is not ubiquitous in amphibian communities. Muletz et al. (2014) did not find
Ranavirus across an array of amphibian species. Surprisingly, Goodman and Ararso
(2012) did not find Ranavirus in frogs in Prince Edward County, even when it was
detected in syntopic aquatic turtles.

Much about Ranavirus is still unknown, including the best method to use in its
detection. Virginia is one of several states taking part in a Regional Conservation Need
project to document the extent of Ranavirus. Preliminary results of this study indicate
that 11 of 25 breeding ponds surveyed in Virginia would have tested positive for
Ranavirus using older analytical techniques (S. Smith, MDNR, pers. comm.). 
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However, use of a new stricter protocol would only classify one of these sites as
positive.

Another notorious amphibian disease is the fungus Batrachochytrium dendrobatidis
(Bd), which causes chytridiomycosis infections. Bd has been linked to amphibian mass
mortalities globally (Bishop et al. 2012). In Virginia, there have been multiple studies
to investigate the prevalence of Bd both in frogs and salamanders. Despite being
detected in various counties in the Commonwealth and across a diversity of amphibian
species, the prevalence of Bd has been relatively low (Rothermel et el. 2008, Hossack
et al. 2010, Davidson and Chambers 2011, Gratwicke et al. 201, Eskew et al. 2014,
Goodman and Ararso 2012, Hughey et al. 2014, Muletz et al 2014, Bales et al. 2015). 
A recent study of Green Salamanders found the highest prevalence of Bd in the
Commonwealth at 15% of the sample (6 of 41 individuals) (Blackburn et al. 2015).
There are no published records of high levels of zoospore infections or observations of
dead or dying amphibians attributed to chytridiomycosis in Virginia. Furthermore,
Muletz et al. (2014) found no evidence of Bd in museum specimens of salamanders
from Virginia in the 1970s-1980s, when Highton (2005) noted many population
declines in the area. Unlike many other areas around the world, it appears Bd has not
resulted in population declines of amphibian species in Virginia. The Commonwealth
also initiated early measures to reduce the spread of amphibian related diseases by
prohibiting the sale or possession of African Clawed Frogs and the African Dwarf
Frogs (Hymenochirus spp.), believed to be carriers and transmitters of the disease,
unless a permit is issued.

It is worth noting that a novel fungal species, B. salamandrivorans (Bsal), was first
linked to die offs of Fire Salamanders (Salamandra salamandra) in Europe (Martel et
al. 2014). In laboratory experiments, salamander species found to occur in Virginia,
such as the Red-spotted Newt, were deemed to be highly susceptible to Bsal (Martel
et al. 2014). Early studies have not detected the presence of Bsal in wild salamander
species from the central Appalachians (Muletz et al. 2014, Bales et al. 2015). However,
the potential transmission of Bsal or similar novel pathogens to the United States
through the amphibian pet trade is a great concern. Recently, the U.S. Fish and Wildlife
Service took measures to reduce potential Bsal transmission by publishing an interim
report to prevent the trade of 201 species of salamanders (USFWS 2016).

The bacterium Salmonella is an infectious disease associated with herpetofauna and
is briefly mentioned here because it is a zoonotic disease (transfers between wildlife
and humans). Salmonella poisoning can result in human illness or death. Regulations
already existed in Virginia limiting the sale of small turtles, but in 2009, 11 cases of
Salmonella were reported in Virginia from aquatic pet frogs (VDH 2011). Individuals
in contact with amphibians should wash their hands with soap and water following
contact.

Climate Change
Climate change is a global threat that will have local repercussions with higher sea

levels, increasing temperatures and storm events, as well as seasonal changes in
precipitation. The 2015 WAP seeks consideration of climate change as a threat to
species and the inclusion of related management efforts in action plans. Virginia’s
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Climate Modeling and Species Vulnerability Assessment used three amphibians as
candidate species in their models: the Oak Toad (A. quercicus), Cope’s Gray Treefrog
(Hyla chrysoscelis) and Wood Frog (L. sylvaticus) (Kane et al. 2013). The particular
models, which used 40 variables, indicate that expected conditions in Virginia with
climate change may actually be favorable to these three species (Kane et al. 2013). The
report cautioned that having more favorable conditions for amphibians does not mean
their distribution will increase, since they have limited dispersal ability and a number
of anthropogenic barriers exist. It should also be mentioned that no salamanders were
included in this particular study.

Recent climate models conducted by Milanovich et al. (2010) indicate all
Appalachian salamanders will experience range contractions in the future. This is
supported by the models of Sutton et al. (2015) which estimated climate niches for
salamanders would decrease by 2050. Some species, including the State threatened
Mabee’s Salamander, are predicted to lose most of their climate niches. Furthermore,
Hamed (2014) also used down scaled climate models to predict that three of 12
salamanders on Whitetop Mountain will likely become extirpated by 2070, while the
other nine will have to move up in elevation to survive the changing conditions. In
addition, stream temperature has been shown to be an important variable in salamander
models (Grant et al. 2014).

Current evidence linking existing changes in amphibian populations to climate
change are few and far between. Some papers have documented how unseasonable
changes in precipitation and temperature in Virginia, such as warm fronts occurring
during January, affected the breeding phenology of amphibians and survival of
individuals (Briggs 1994, Bulmer and Cherok 1998, Gibson et al. 2008). Surveys
conducted on Whitetop Mountain show at least some salamander species have either
expanded or contracted their ranges compared to 1950s values of the mean elevations
(Hamed 2014). However, these changes were not able to be correlated with changes in
temperature as no temperature readings were available for Whitetop Mountain and the
closest measurements showed no temperature changes over that time period. Another
recent study documented the body size of plethodontid salamanders has decreased over
the last 55 years and attributed the decrease to an increased metabolism due to climate
change (Caruso et al. 2014). However, Connette et al. (2015) cautioned that other
factors could have produced the change in body size.

 CONSERVATION INITIATIVES
Numerous conservation actions are underway across Virginia to conserve

amphibians, as well as to directly address many of the threats. The information below
is meant to illustrate the breadth of efforts and highlight some of the initiatives being
undertaken.

Habitat Preservation, Acquisition and Restoration
Acquiring, preserving and restoring amphibian habitats are priority conservation

actions. Land is preserved in Virginia by State agencies as wildlife management areas,
parks, forests and more. No land acquisitions or preservation, however, have been
directly attributed to amphibians, but they are secondary benefactors of these actions. 
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According to Virginia Department of Conservation and Recreation's Conservation
Lands Database, over 16,000 square kilometers (~16% of the Commonwealth’s land)
is preserved by private owners, organizations and government agencies. State laws also
protect certain types of habitat that are privately owned, such as the commitment for
“no net loss” to the amount and function of wetlands. Permits for impacts on surface
waters, including wetlands, must be obtained by the Virginia Department of
Environmental Quality. Financial and technical resources are also made available
through the State and Federal government to help private land owners place their
property under conservation easements and implement actions, such as creating stream
buffers.

Amphibians in Virginia benefit from small and large scale practices, such as
installation of backyard ponds and restoration of large wetland areas. Multiple agencies
in the Commonwealth undertake initiatives that help improve amphibian habitat. The
Virginia Aquatic Resources Trust Fund is an example of one such program. The Trust
Fund, a collaboration of the Army Corps of Engineers, the Virginia Department of
Environmental Quality and The Nature Conservancy, is a mitigation project for streams
and wetlands where the government has permitted certain impacts to take place. Over
$42 million has been invested in 121 mitigation projects. Another example comes from
the Virginia Department of Mines, Minerals and Energy Orphaned Land Program
where land undergoes reclamation. For instance, acid mine drainage from a lead-zinc
mine and an adjacent gold mine resulted in such poor water quality of Knights Branch
that no flora or fauna could survive. A reclamation process begun in 2001 and ending
in 2005 resulted in decreased acidity and metals. As the habitat was restored Southern
Leopard Frogs (L. sphenocephalus) and Pickerel Frogs (L. palustris) were observed
(Sobeck et al. 2008). While State and Federal agencies have supported many initiatives
across Virginia, various non-profit organizations and many individuals have also
protected and restored habitat.

The saying “if you build it, they will come” easily applies to amphibians as they are
known to use created and restored habitats (Brown et al. 2012). Non-profit
organizations play a significant role in facilitating habitat conservation through
providing funding and expertise, as well as recruiting a large volunteer work force. For
instance, the Chesapeake Bay Foundation has a number of initiatives, including
planting riparian buffers along streams and rivers. Other organizations initiate efforts
that remove invasive species from habitats. Individuals are taking action on their own
properties to enhance amphibian habitat, such as blocking cattle from streams to
minimize erosion, building ephemeral ponds, leaving rocks and woody debris on lawns,
and much more.

Outreach and Education
Amphibians may not be considered charismatic megafauna, but they certainly do

have a following in Virginia.  Many of Virginia’s zoological facilities have exhibits on
herpetofauna that draw large crowds. While many exhibits include non-native species,
groups such as the National Zoo are highlighting more of the areas unique amphibian
diversity. The National Zoo’s Reptile Discovery Center includes a salamander lab for
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the public to learn about ongoing research on local amphibians and a newly opened
Jewels of the Appalachia exhibit that includes 10 native species of salamanders.  

Herpetologists affiliated with government agencies, academic institutions and non-
profit organizations often conduct lectures for the public on topics related to amphibian
conservation. County, State and National Parks also offer a wide variety of interpretive
signage, classes, camps and public events related to amphibians. Fairfax County Park
Authority, for example, offers programs for scouts where they can earn their Reptile
and Amphibian Merit Badge. In addition to informal opportunities, the Virginia
Aquarium and Marine Science Center and the Virginia Living Museum are among the
groups providing lessons correlated to Virginia’s standards of learning for teachers to
easily integrate amphibian education into their curricula.

A number of organizations and agencies provide resources for youth and adults on
amphibians. Online videos and other social media offer a plethora of information on
amphibians at anyone’s fingertips. The topics range from identifying species to creating
a backyard habitat. VDGIF’s designation of 2015 as the Year of the Frog, which was
promoted through public events and social media outlets, was extremely popular. The
Virginia Herpetological Society’s (VHS) website, which is a great resource for
disseminating information on local amphibians, receives on average 46,000 visitors per
month. Professionals also have the opportunity to share and gain knowledge through
VHS and the regional Partners in Amphibian and Reptile Conservation (PARC) groups.

Citizen Science
Individuals interested in using their education to take a more active role in

amphibian conservation can engage in various citizen science initiatives being offered
in Virginia. Since 1999 VDGIF’s Frog and Toad Calling Survey has been part of the
North American Amphibian Monitoring Program (NAAMP) which uses volunteers
from across the Commonwealth to survey various wetland habitats for frogs and toads.
There are 53 designated routes ensuring a wide variety of habitats are covered. The
NAAMP data are then used by the U.S. Geological Survey and other researchers to
study trends. A similar initiative offered through the Association of Zoos and
Aquariums is the nationally run FrogWatch USA program. Volunteers from local
chapters document frog and toad calls. There are currently eight chapters across the
Commonwealth.

Not limiting citizen science to just frogs, VHS organizes various surveys each year
where amateur and professional herpetologists help inventory the diversity of
amphibians in various locations across Virginia. Citizens can also be engaged in
collecting important data on habitat, such as vernal pools. Virginia Commonwealth
University, Virginia Master Naturalists and a number of state agencies are collaborating
to locate, characterize and monitor vernal pools on public lands (S. Watson, VDGIF,
pers. comm.) A number of other habitat-related initiatives are available as well, such
as the VA Department of Environmental Quality’s Citizen Water Quality Monitoring
Program.

Research
Having the proper information to make conservation decisions is critical.

Unfortunately it is challenging to have up-to-date and scientifically robust information
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on every species across Virginia. Over the last ten years, VDGIF has issued research
permits for almost every species of amphibian (S. Dressler, VDGIF, pers. comm.). 
Research is also conducted through State agencies, such as DCR’s Natural Heritage
Program. Despite this, there still remains a large research gap. Approximately 45% of
Virginia’s frogs and less than 20% of salamander species have had at least one
population monitored for four or more years (Walls 2014). The type of research
needing to be conducted to gain a holistic understanding of a species requires time,
funding and people with considerable expertise.

State funding for amphibian research is almost exclusively limited to State Wildlife
Grants and the Virginia Nongame Fund. The State Wildlife Grants Program provides
funds for developing and implementing programs that move species towards recovery
and eventual delisting or preclude the need for federal listing under the Endangered
Species Act. Its primary focus is on those species identified as Species of Greatest
Conservation Need listed in the WAP. The Virginia Nongame Fund’s revenue source
is through the Virginia Tax Check-Off Program. The Federal government also supports
research in the Commonwealth through its various agencies, including the National
Park Service, National Science Foundation, U.S. Fish and Wildlife Service, and the
U.S. Geological Survey. Non-governmental organizations, such as VHS, provide small
research grants. Additionally, research is supported through funding mechanisms within
academic institutions, zoos and aquaria and foundations. Fortunately, many
conservation programs not specifically focused on amphibians also indirectly benefit
them.

Virginia Laws, Regulations and Enforcement
Establishing and enforcing policies are important conservation mechanisms.

Regulations regarding Virginia’s amphibians are clearly stated on the VDGIF website
(http://www.dgif.virginia.gov/wildlife/laws/). In summary, it is unlawful to take,
possess, import, cause to be imported, export, cause to be exported, buy, sell, offer for
sale or liberate within the Commonwealth any wild animal unless otherwise specifically
permitted by law or regulation. No threatened or endangered amphibian species or the
Eastern Hellbender may be possessed. Otherwise, individuals may possess up to five
amphibians listed on the VDGIF Native and Naturalized Fauna of Virginia list, with
the exception of the American Bullfrog which has a 15 per day bag-limit. Only under
specific conditions are native amphibians allowed to be released, but naturalized
species may never be released. No salamanders can be taken from Grayson Highlands
State Park or on parts of the Jefferson National Forest.

No amphibian species native or naturalized to Virginia may be bought or sold,
except the American Bullfrog, Green Frog, Southern Leopard Frog and Green Treefrog,
which can only be bought for educational or researcher purposes and must be
purchased from a permitted captive breeder in Virginia or from a properly permitted
business out-of-state. Non-native (exotic) amphibian species may be possessed, bought
or sold, as long as it is in compliance with all other Local, State, Federal and
International laws and regulations. However, special permits are needed for the
following species: Giant or Marine Toad (Rhinella marina), African Clawed Frog and
Barred Tiger Salamander (Gray Tiger Salamander and Blotched Tiger Salamander - A.



VIRGINIA’S AMPHIBIAN SPECIES 291

mavortium). Special permits are required for exhibiting or conducting research on
amphibians.

VDGIF has been active in enforcing laws related to amphibians. However, there is
no database containing documentation on the number of fines, confiscations and other
related information. Biologists and law enforcement staff from VDGIF occasionally
visit pet stores, trade shows, markets and other locations where amphibians may be sold
illegally. Reports of violations from the public are also received and responded to by
VDGIF.

Conservation Strategies and Collaborations
There are currently no captive breeding or rearing programs for any amphibian

species in Virginia. The priority has always been, and will continue to be, to conserve
all of Virginia’s amphibian species in the wild. Success in these endeavors requires the
collaboration among various organizations and agencies to inform, develop and
implement conservation strategies. Several of the WAP listed species have
management-related plans in place. For instance, Conservation Agreements were
developed for the Cow Knob Salamander in 1994 and the Peaks of Otter Salamander
in 1997. These agreements are signed by multiple agencies with the purpose and intent
to prevent the need for federal listing of these species under the Endangered Species
Act. In 1994, a Recovery Plan was developed for the endangered Shenandoah
Salamander. Unlike other recovery plans which seek to increase population sizes, the
Shenandoah Salamander plan highlights needs for research and ongoing monitoring.
No Conservation Agreements exist for any frog species in Virginia.

Considering the range of most of Virginia’s amphibians include other states and that
threats to species also cut across boundaries, VDGIF actively collaborates with larger
conservation initiatives. VDGIF is active in both the southeast and northeast chapters
of PARC. PARC produces national and regional materials, such as the Habitat
Management Guidelines, hosts meetings and facilitates working groups on issues which
cut across State boundaries. VDGIF is also a member of both the Appalachian and
North Atlantic Landscape Conservation Cooperative (LCC). The North Atlantic LCC
is currently engaged in mapping all vernal ponds and identifying priority amphibian
conservation areas. The U.S. Geological Survey’s Amphibian Research and Monitoring
Initiative (ARMI) is active in Shenandoah National Park and Prince William Forest
Park.

RECOMMENDATIONS
There is much already being done in Virginia to address the declines in amphibian

species, but there is still much more that needs to be achieved. Researchers can
prioritize their efforts to gain a better understanding of local distributions of species and
how these are changing over time, investigate potential causes of declines and study
whether or not conservation actions are helping amphibians. Funding organizations can
assist by recognizing the importance of these organisms and increase funding
opportunities available for research, monitoring and conservation. Individuals,
organizations and businesses can continue to highlight how critical this taxon is to
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ecosystems and people. To maintain healthy populations of amphibians in Virginia,
prevention and mitigation of threats must continue.
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ABSTRACT
With 77 species, the mussel fauna of Virginia is one of the most diverse in the
United States. Fifty-four species or ~70% of the state’s mussel fauna occurs
in the rivers of the upper Tennessee River basin, especially in the Clinch and
Powell rivers of southwestern Virginia. An additional 23 species reside in
rivers of the Atlantic Slope, including the Potomac, Rappahannock, York,
James and Chowan basins, and in the New River, a major tributary to the
Ohio River. A total of 39 species or 51% of Virginia’s mussel fauna is listed
as federally endangered, state endangered or state threatened. Excess
sediment, nutrients and various types of pollutants entering streams from
agriculture and industries are the main drivers of imperilment. Freshwater
mussels reproduce in a specialized way, one that requires a fish to serve as a
host to their larvae, called glochidia, allowing the larvae to metamorphose to
the juvenile stage. This extra step in their life cycle uniquely defines mussels
among bivalve mollusks worldwide, in freshwater or marine environments,
and adds significant complexity to their reproductive biology. Further, they
utilize “lures” that mimic prey of fishes to attract their host. Mussels rely on
their fish host to provide them with long-distance dispersal and nutrition while
they are glochidia, which are small (<0.5 mm) ecto-parasites that attach and
encyst on the gills and fins of fishes, typically taking weeks to months to
metamorphose, excyst and then drop-away as similar-sized juveniles to the
stream bottom where they grow into adults. Adult mussels are mostly
sedentary animals living in the benthos, i.e., the bottom of streams and lakes,
typically in mixed substrates of sand, gravel and fine sediments. Mussels
generally filter suspended organic particles <20 µm from the water column
but can also filter deposited particles through the shell-gap when burrowed in
the benthos. Further, the adults of most species are long-lived, regularly living
25-50 years or longer in freshwater environments throughout North America.
Conservation of freshwater mussels in Virginia will require citizens, non-
governmental organizations, local, county, state and federal governments to
apply their resources to five main areas: (1) water quality monitoring and
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regulation enforcement, (2) restoration of stream habitat, (3) restoration of
mussel populations, (4) educating the public about the importance and status
of mussels, and (5) monitoring and research to understand why mussels are
declining and what are the best ways to protect them. Sustained long-term
efforts in these five areas offers the greatest potential to conserve freshwater
mussels throughout Virginia.

INTRODUCTION
With 77 documented species, the mussel fauna of Virginia is one of the most

diverse in the United States — only the states of Alabama (178 species), Tennessee
(129 species), Georgia (123 species), Kentucky (104 species) and Mississippi (84) have
more species than Virginia (Neves et al. 1997; Paramalee and Bogan 1998; Williams
et al. 2008). Virginia’s mussel fauna spans two major geographic regions, the
southwest region where rivers drain to the Mississippi River and ultimately to the Gulf
of Mexico, and the eastern region where rivers drain to the Chesapeake Bay and
ultimately to the Atlantic Ocean (Figure 1). The species occurring in these two regions
generally are restricted to the major river basins of these areas. Hence, their
distributions do not overlap and distinct morphological and biological differences exist
between the regional faunas. These differences are in part due to the varied ecological
and geological conditions that exist throughout Virginia, and the long-term separation
of the Atlantic Slope and Mississippi River basin faunas.

Nationally, freshwater mussels are considered one of the most imperiled groups of
animals in the country, with 213 species (72 %) listed as endangered, threatened, or of
special concern (Williams et al. 1993). Virginia’s fauna is no exception, with more than
50% of its species listed at the federal or state level (Figure 2) (Terwilliger 1991). Most
of the endangerment is caused by habitat loss and destruction due to sedimentation,
water pollution, dredging, and other anthropogenic factors (Neves et al. 1997). Many
of these listed species occur in southwestern Virginia in the Clinch, Powell and Holston
rivers, headwater tributaries to the Tennessee River (Figure 1). However, nearly all
river systems in the state have mussel species of conservation concern. The rate of
mussel imperilment in Virginia and nationally is increasing over time as populations
of many species continue to decline and as additional species are listed as endangered
by the federal government and state governments.

Population declines and the listing of many mussel species has prompted interest
in their conservation (Freshwater Mollusk Conservation Society 2016). State and
federal natural resource management agencies, including Virginia Department of Game
and Inland Fisheries (VDGIF) and U.S. Fish and Wildlife Service (USFWS), various
non-governmental organizations and universities are involved in improving water
quality, stream habitat, and increasing abundance and distribution of mussels using
population management techniques, such as out-planting hatchery-reared mussels back
to native streams, and monitoring populations to determine their status and trends. For
example, Virginia Tech, VDGIF and USFWS have been working together to raise
mussels in hatcheries and release them to their native streams to build-up populations.
Since 2004, this program has released thousands of mussels of numerous species to
population restoration sites throughout Virginia.

Most mussels rely on fishes as hosts to metamorphose their larvae to juveniles, and
therefore to complete their life cycle. This parasitic relationship uniquely defines
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FIGURE 1. Major river drainages of Virginia. Map created by T. Lane, Virginia Tech.

freshwater mussels among bivalve mollusks worldwide, both in freshwater and marine
environments. The larvae and newly metamorphosed juveniles are very small, typically
less than 0.5 mm long. Hence, these stages are considered weak links in the mussel life
cycle, as they are susceptible to loss of host fishes, contaminants in streams, and
physical disturbance of stream habitats. However, it is this interaction with fishes that
makes mussels unique, and evolutionarily has given rise to some of the most complex
and striking mimicry known in the natural world. For students of all ages, mussels are
a fascinating portal to understanding streams and the incredible organisms that they
contain. Thus, the purpose of this paper is to provide an introduction to the life history,
status and conservation of freshwater mussels in Virginia.

METHODS
Occurrence of mussel species in the major river basins of Virginia was determined

from publications, reports and personal communications with biologists. However,
because mussel surveys and records from the Albemarle, Big Sandy, Eastern Shore and
Yadkin basins are sparse to non-existent, species occurrences for these basins were not
determined. A mussel species was considered extant in a basin if a live individual was
recorded from 1985 to the present. Otherwise, it was considered extirpated or extinct.
Species occurrences in the upper Tennessee River basin were determined for the Powell
River from Ortmann (1918), Johnson et al. (2012), and Ahlstedt et al. (2016), for the
Clinch River from Ortmann (1918), Jones et al. (2014), and Ahlstedt et al. (2016), for
the North Fork Holston River from Ortmann (1918), Henley and Neves (1999), and
Jones and Neves (2007), for the Middle Fork Holston River from Ortmann (1918),
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FIGURE 2. Number of species per major aquatic taxon in Virginia. Number of listed
species includes species listed as federally endangered, federally threatened, state
endangered, and state threatened.

Henley et al. (1999), and Henley et al. (2013), and for the South Fork Holston River
from Ortmann (1918) and Pinder and Ferraro (2012). Species occurrences in the New
River basin were determined from Pinder et al. (2002). Species occurrences in the
major Atlantic Slope river basins were determined for the Roanoke, Chowan, James,
York, Rappahannock, and Potomac (including its major tributary the Shenandoah
River) river basins from Johnson (1970) and personal communication with VDGIF
state malacologist Brian Watson. The legal status of listed species, including federally
endangered (FE), federally threatened (FT), federal candidate species (FC), state
endangered (SE), state threatened (ST) were accessed from VDGIF’s database (last
u p d a t e d  o n  J u l y  1 8 ,  2 0 1 4 )  a n d  a v a i l a b l e  o n l i n e  a t :
http://www.dgif.virginia.gov/wildlife/virginiatescspecies.pdf. The number and status
of fishes in Virginia was obtained from Jenkins and Burkhead (1993), for snails from
Johnson et al. (2013) and for crayfishes based on personal communication with B.
Watson. The common and scientific names of freshwater mussels generally follow
Turgeon et al. (1998).

RESULTS
A total of 77 mussel species are known from the major river basins of Virginia. Of

these, three species (Epioblasma haysiana, E. lenior, and Lexingtonia subplana) and
one sub-species (E. torulosa gubernaculum) are considered extinct range-wide, and
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four species (Anodontoides ferrusacianus, Leptodea fragilis, L. leptodon, and Villosa
fabalis) are considered extirpated from the state, bringing the total extant species in
Virginia to 69. From the total species known from the state, 25 are listed as FE, 32 as
SE, and six as ST. Since most of the species listed as FE also are listed as SE, the total
number of listed mussel species in Virginia is 39, or approximately 51% of the fauna
(Figure 2). 

The Powell, Clinch and forks of the Holston rivers form part of the upper Tennessee
River basin (UTRB), and collectively contain a total of 54 mussel species known from
the Virginia sections of these rivers (Table 1). This basin contains the highest diversity
of mussel species in the state, especially the faunas of the Clinch and Powell rivers,
with 53 and 47 known species, respectively. In the Virginia sections of the Holston, a
total of 36 species are known from the North Fork, 22 species from the Middle Fork,
and 14 species from the South Fork. Due to the extinction or extirpation of 7 species,
a total of 47 species remain extant in the UTRB of Virginia. Again, most of these
species occur in the Clinch and Powell rivers, with 46 and 37 extant species,
respectively. From the total species known from the UTRB in Virginia, 23 are listed
as FE, 29 as SE, and 3 as ST.

The New River flows northwest from North Carolina, through southwestern
Virginia, and into West Virginia, where it becomes the Kanawha River just upstream
of Charleston, WV. This large, ancient river system has a depauperate mussel fauna of
just 12 species (Table 2). Most of the fauna is derived from the Ohio River drainage
system, with similarities to the UTRB. However, the pistogrip (Tritogonia verucossa),
while widespread throughout its range, only occurs in Virginia in the New River. No
species that occur in the basin are listed as FE but one species is listed as SE
(Lasmigona holstonia) and two others as ST (Lasmigona subviridis and T. verucossa).
Further, there are no known mussel species extinctions or extirpations from the basin.

The rivers of the Atlantic Slope of Virginia collectively contain a total of 24 mussel
species (Table 3). All species known from the region remain extant, except L.
subplana, which has not been collected alive in the upper James River basin for
decades. The Chowan River basin, specifically its tributary the Nottoway River of
Virginia, contains the highest diversity with 20 species, followed by the James River
with 19 species. The Roanoke River system has 14 recorded species based on
collections in the Virginia section of the Dan River. However, at least five additional
species (Alasmidonta varicosa, Elliptio congarea, E. fisheriana, E. lanceolata,
Uniomerus carolinianus) are known from the nearby section of the river and its
tributaries in North Carolina. Thus, additional species may occur in the Virginia section
of the river.

Two species listed as FE occur in Atlantic Slope rivers of Virginia, Alasmidonta
heterodon remains extant in the Po River of the upper York River basin and in the
Nottoway River, and Pleurobema collina is extant in several tributaries to the James
River basin and in the Dan and Mayo rivers of the upper Roanoke River basin.
Additionally, Alasmidonta varicosa (SE) occurs in Broad Run of the Potomac River
basin, while Fusconaia masoni (ST) occurs in the James River and several river
systems to the south and L. subviridis (ST) is more broadly distributed, known from all
major Atlantic Slope river basins in the state.
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TABLE 2. Scientific and common names of freshwater mussel species occurring in the
New River basin of Virginia, where SE=state endangered, ST=state threatened and -
=no state status, T=extant.

Scientific Name Common Name Status New

Actinonaias ligamentina Mucket - T
Alasmidonta marginata Elktoe - T
Cyclonaias tuberculata Purple wartyback - T
Elliptio complanata Eastern elliptio - T
Elliptio dilatata Spike - T
Lampsilis fasciola Wavy-rayed lampmussel - T
Lampsilis ovata Pocketbook - T
Lasmigona holstonia Tennessee heelsplitter SE T
Lasmigona subviridis Green floater ST T
Tritogonia verucossa Pistol-grip ST T
Pyganodon grandis Floater - T
Utterbackia imbecillis Paper pondshell - T

TOTAL SPECIES KNOWN (12) 12
TOTAL SPECIES EXTANT (12) 12

DISCUSSION
Complexity of the mussel life cycle and traits of vulnerability

Freshwater mussels reproduce in a specialized way, one that requires a fish to serve
as a host to their larvae, called glochidia, allowing the larvae to metamorphose to the
juvenile stage. This extra step in their life cycle uniquely defines mussels among
bivalve mollusks worldwide, in freshwater or marine environments, and adds
significant complexity to their reproductive biology. Eggs of female mussels are
fertilized internally by sperm released by males into the water and taken in during
siphoning. The embryos then develop or “brood” in the gills of the female until
becoming mature glochidia. Depending on the species, mussel glochidia brood in the
gills of females during either winter or summer. Winter-brooders typically spawn in
late summer to early fall, brood their larvae through the winter and then release
glochidia the following spring and summer. Summer-brooders typically spawn in
spring to early summer, and then brood and release their glochidia in the same summer
period. Once mature, female mussels release glochidia out into the water, where they
must attach and encyst on a suitable host fish for the transformation of larvae to
juvenile mussels. Mussels rely on their fish host to provide them with long-distance
dispersal and nutrition to metamorphose to juveniles while they are glochidia, which
are small (<0.5 mm) ecto-parasites that attach and encyst on the gills and fins of fishes,
typically taking weeks to months to metamorphose, excyst and then drop-away as
similar-sized juveniles to the stream bottom where they grow into adults. However, for
several species, including Green floater (Lasmigona subviridis), Creeper (Strophitus
undulatus), and Paper pondshell (Utterbackia imbecillis), the glochidia can 
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metamorphose to the juvenile stage inside the gill of the female parent mussel without
parasitizing a host fish (Lefevre and Curtis 1911; Howard 1915; Barfield and Watters
1998; Cliff et al. 2001; Dickinson and Seitman 2008).

Many mussel species have elaborate adaptations to attract their fish hosts. To
facilitate attachment of glochidia to their hosts, mussels have evolved highly modified
mantle tissues to serve as lures or they produce packets called conglutinates that
contain glochidia (Barnhart et al. 2008). Mantle lures and conglutinates closely
resemble and mimic prey of fish, such as worms, insect larvae and pupae, leeches,
crayfish and even other fish. This mimicry is among the most complex and striking
known in the natural world! For example, the mantle lure of the Cumberlandian
combshell (Epioblasma brevidens) mimics insect larvae and that of oyster mussel (E.
capsaeformis) is brightly colored blue (Figure 3, photographs A and B); both lures
attract their fish host and then capture them like a “venus flytrap” to infest their
glochidia directly on fish (Jones et al. 2006a). Mantle lures of other mussels may
resemble legs of aquatic insects, such as the lure of Mountain creekshell (Villosa
vanuxemensis) or that of a large insect larvae, such as the lure of Wavy-rayed
lampmussel (Lampsilis fasciola) (Figure 3, photographs C and D). Perhaps even more
remarkable than these mantle lures, are conglutinates of the kidneyshell
(Ptychobranchus fasciolaris) that resemble larvae of the black fly (Simuliidae), and
conglutinates of the fluted kidneyshell (P. subtentum) that resemble pupae (Figure 4,
photographs A and B) (Jones et al. 2006b). Conglutinates of the creeper (Strophitus
undulatus) encase triangular shaped glochidia within individual compartments that are
kinetically released by contact with host fish (Watters et al. 2002) and conglutinates of
the dromedary pearlymussel (Dromus dromas) mimic freshwater leaches (Figure 4,
photographs C and D) (Jones et al. 2004). All of these mussels live in rivers of
Virginia.

Adult mussels are mostly sedentary, living in the benthos, i.e., the bottom of
streams and lakes, typically in mixed substrates of gravel, sand, and silt. Mussels
generally filter suspended organic particles <20 µm from the water column to eat but
can also filter deposited particles through the shell-gap when burrowed in the benthos
(Strayer et al. 2004). Further, the adults of most species are long-lived, regularly living
25-50 years or longer in freshwaters throughout North America (Haag and Rypel 2011).
The kidneyshell (Ptychobranchus fasciolaris) has been aged to as old as 85 years in the
upper Clinch River, Virginia (Henley et al. 2002). Because they are long-lived, their
population growth rates tend to be slow, and stable population sizes are sustained by
modest to low levels of annual recruitment by juveniles. Collectively, these life history
traits, such as dependency on fish to metamorphose their larvae, a small sensitive
juvenile stage, filter-feeding, and long-lived benthic-dwelling adults, make mussels
vulnerable to various natural and anthropogenic impacts, including severe floods and
droughts, habitat alteration from dams, various types of pollution entering rivers and
streams, sedimentation from agriculture and urban environments and many other
factors (Neves et al. 1997; Strayer et al. 2004).

Distribution and diversity of mussels in Virginia
With 77 species, the mussel fauna of Virginia is one of the most diverse in the

United States. However, due to the varied physiography of the state, including the
Appalachia Mountains to the west, the rolling hills of the central Piedmont, and the flat
coastal plain of the east, Virginia’s mussel fauna has a complex distribution and
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FIGURE 3. Mantle-lure displays of female mussels: (A) Cumberlandian combshell
(Epioblasma brevidens), Clinch River, Hancock County, Tennessee (Photo by J.
Jones); (B) Oyster mussel (Epioblasma capsaeformis), Clinch River, Hancock County,
Tennessee (Photo by N. King, Virginia Tech); (C) Mountain creekshell (Villosa
vanuxemensis), Clinch River, Russell County, Virginia (Photo by T. Lane, Virginia
Tech); (D) Wavy-rayed lampmussel (Lampsilis fasciola), Nolichucky River, Hamblen
County, Tennessee (Photo by T. Lane, Virginia Tech).

origins. Mussel diversity is not evenly distributed throughout the state, with a major
phylo-geographic break occurring between rivers of the UTRB of western Virginia and
those draining the Atlantic Slope. The faunas of these two regions are quite different
in their species compositions. Because the rivers of these two geographic areas flow in
different directions, those of the former into the Mississippi River valley (=Interior
Basin) and ultimately to the Gulf of Mexico, and those of the latter to the Atlantic
Ocean, the evolutionary histories and the sources or origins of these faunas are quite
different. Further, the rivers of Virginia flow through varied gradient, geology, soils,
and vegetative cover, creating a range of environmental conditions suitable to mussel
growth and survival. Hence, Virginia’s rivers have given rise to a unique mussel fauna,
one that contains some of the rarest freshwater species in the country, and is in need of
continued scientific study and conservation.

Of course, a majority (70%) of the state’s mussel fauna resides in rivers of the
UTRB, especially the Clinch and Powell rivers. Several factors account for the high
species diversity of this region. First, Virginia as a whole was not glaciated during the
last ice-age more than 20,000 years ago. Both terrestrial and aquatic biota were

A A

C D
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FIGURE 4. Conglutinates of female mussels: (A) Kidneyshell (Ptychobranchus
fasciolaris) Clinch River, Hancock County, Tennessee; (B) Fluted kidneyshell
(Ptychobranchus subtentum), Clinch River, Russell County, Virginia; (C) Creeper
mussel (Strophitus undulatus) Clinch River, Hancock County, Tennessee (Photo by
T. Lane, Virginia Tech); (D) Dromedary pearlymussel (Dromus dromas), Clinch
River, Hancock County, Tennessee. Photographs A and B originally published by
Jones et al. 2006 and D by Jones et al. 2004.

therefore not destroyed by massive ice sheets that covered large sections of North
America north of Virginia. The UTRB served as a glacial refuge area for mussels,
fishes and many other aquatic species. Second, the UTRB is connected to and is a part
of the Mississippi River basin fauna, which is naturally diverse and where many species
are widely distributed throughout its tributary streams and ecoregions. The
interconnected nature of this river valley promotes high fish host diversity for mussels.
For example, the Clinch River alone contains more than 120 species of fish (Jenkins
and Burkhead 1993). High host-fish diversity in turn promotes high mussel diversity
(Watters 1994). Third, the rivers of the UTRB in Virginia mostly flow through the
Valley and Ridge physiographic province, where geologic rock strata are predominately
limestone-based and rich in calcium and other minerals, which enhances shell growth
and survival of mussels. These rivers also contain abundant and high quality habitat for
mussels. Shoals are shallow areas in streams where cobble, gravel and sand substrate
collect and remain stable over time. This type of habitat is critical to mussels because
they need it to burrow into to protect themselves during floods, and to feed and

C.
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reproduce effectively in stream environments. Thus, the UTRB’s excellent habitat and
its connection to the rich aquatic fauna of the Mississippi River basin have acted
together to sustain a high diversity of mussels and fishes.

In contrast, mussel diversity in the New River of Virginia is low, with only twelve
species recorded. This basin lies between the UTRB and rivers of the Atlantic Slope
and has faunal elements of both. For example, the Tennessee heelsplitter (Lasmigona
holstonia) is native to the Tennessee River basin but now occurs in two tributaries,
upper Big Walker Creek and upper Wolf Creek, Bland County (Pinder et al. 2002).
Although most of the species that occur in this river originated from streams of the
Mississippi River valley, the green floater (Lasmigona subviridis) and the eastern
elliptio (Elliptio complanata) are of Atlantic Slope origin (Clarke 1985; Johnson 1970).
The latter species has been recently documented in Claytor Lake, Pulaski County and
is considered introduced in the last ten years (B. Watson, VDGIF pers. comm.). The
New River was not glaciated but for millennia it has been isolated from the Ohio River
and hence the much richer aquatic fauna of the Mississippi River basin by Kanawha
Falls, located just upstream of Charleston, West Virginia. These large falls are 20 to 30
feet high and span the river, blocking upstream migration of fish hosts; therefore,
preventing many mussel species from colonizing the river above the falls. Of the 89
fish species known from the New River in Virginia, only 46 species are considered
native, the remainder having been introduced over the last 50 to 100 years (Jenkins and
Burkhead 1993). Hence, its low mussel diversity is mirrored by low native fish
diversity. The majority of the New River basin drains the Blue Ridge physiographic
province, where geologic rock strata are predominately crystalline based (granite and
gneiss) and poor in minerals, including calcium. Mussel shells often appear eroded and
of poor quality in the river, indicating shell growth is compromised by the naturally soft
water of the basin. Despite ample shoal habitat, mussel abundance is low, further
indicating growing conditions are not ideal.

The mussel fauna of the Atlantic Slope contains numerous species unique to the
region. Many species that occur here have no direct analogue to species occurring in
the Mississippi River basin. For example, Elliptio complanata is widely distributed
from Florida to New Brunswick and is one of the most abundant species on the Atlantic
Slope. However, it does not occur naturally in the Mississippi River basin nor is there
a taxonomic equivalent to it in this basin. Mussels such as dwarf wedgemussel
(Alasmidonta heterodon), yellow lance (Elliptio lanceolata), tidewater mucket
(Leptodea ochracea), James spinymussel (Pleurobema collina) and other species also
are unique to the Atlantic Slope. Further, a phylogeographic break occurs in the mussel
fauna north and south of the James River basin (Johnson 1970). North of this river the
fauna contains less species and most are not endemic to the northern half of the Atlantic
Slope, i.e., they also occur in the James River basin and south of it. However, the river
contains several species such as P. collina, Atlantic pigtoe (Fusconaia masoni), and
notched rainbow (Villosa constricta) where the northern limit of their range is the
James River (Fuller 1973; Hove and Neves 1994; Eads et al. 2006). To the south, these
species and many others are unique to the southern half of the Atlantic Slope. This half
of the region contains more mussel species, suggesting that colonization of the Atlantic
Slope has occurred from the southern fauna and then moved northward through time.
Streams of the Atlantic Slope in Virginia contain excellent habitat for mussels, flowing
through varied geology of the Valley and Ridge, Blue Ridge, Piedmont Plateau, and
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Coastal Plain physiographic provinces. Habitat in these creeks and rivers can range
from rocky-bottom shoals typical of montane streams, sandy-bottom streams of the
Piedmont, and the organic-rich, almost swamp-like conditions of the lower Coastal
Plain. Mussel populations can reach high abundance in all of these habitat types,
especially the ubiquitous E. complanata.

While the species compositions of the UTRB, New River, and Atlantic Slope rivers
are distinct from each other, species exchanges have occurred among these basins over
time. These exchanges have taken place over millennial to contemporary timescales,
and are most likely the result of natural stream capture events between basins and from
humans introducing host fishes naturally infected with mussel glochidia. There are a
suite of species considered native to the Atlantic Slope of Virginia and other east coast
states that have very recognizable Interior Basin (namely, UTRB, New, upper Ohio
River) forms or analogues; for example, Alasmidonta varicosa (=Alasmidonta
marginata), Fusconaia masoni (=Fusconaia flava), Ligumia nasuta (=Ligumia recta),
Lampsilis siliquoidea (=Lampsilis radiata), and Villosa constricta (=Villosa
vanuxemensis). These species are morphologically diverged enough from their Interior
Basin counterparts and distributed widely enough on the Atlantic Slope to suggest that
faunal exchanges occurred through stream captures millennia ago. Further, given the
ubiquitous and widespread nature of these species throughout the Interior Basin, the
direction of the exchange likely was from this basin to the Atlantic Slope. Lampsilis
ovata is native to the Mississippi River valley but its presence and now common
occurrence in the Potomac River system indicates a recent introduction. The species is
restricted to just this basin on the Atlantic Slope and Johnson (1970) states that it was
first introduced here through the Shenandoah River from fish stockings conducted in
the late 1800s. The New River has at least three species that are not native to the
system, Lasmigona subviridis and Elliptio complanata originating from the Atlantic
Slope, and L. holstonia from the UTRB. Other species likely introduced to the system
include Lampsilis ovata and L. fasciola. How and when these species came to the basin
is unknown, but similarly, fish stockings and stream captures offer the best
explanations.

Over ecological time, species exchanges and dispersal of mussels from one basin
to another is seemingly a rare but natural process. More recently, humans have been
responsible for introducing species outside their known ranges. Effects on the native
or receiving fauna are unknown, but in most cases, it appears that the introduced
species is simply incorporated into the native mussel assemblage with minimal
consequences. However, research is needed to determine how such introductions can
negatively affect native species through competition and hybridization. For example,
genetic techniques could be used to determine if hybridization is occurring between L.
ovata and L. cariosa in the Potomac River. Negative consequences potentially are
greatest between closely related species that possibly can interbreed and compete for
fish hosts and habitat.

Mussel Taxonomy and Cryptic Species Diversity
Within the freshwater mussel order Unionoida, the families Unionidae and

Margaritiferidae contain the species that occur throughout Virginia, North America and
even in other regions of the world (Table 4). In Virginia, the spectaclecase
(Cumberlandia monodonta) is the only representative of the Margaritiferidae, while all
other species in the state belong to the Unionidae. For North American species, the
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TABLE 4. Scientific classification of freshwater mussels, including all sub-families,
tribes, and genera known from Virginia. Classification scheme is based on Campbell
et al. (2005). The number of species in each genera is in parentheses; total is 77
species.

Kingdom:        Animalia
 Phylum:          Mollusca
  Class:           Bivalvia
   Order:           Unionoida
    Family:        Margaritiferidae
         Genera: Cumberlandia (1)
    Family:        Unionidae
     Sub-family:  Ambleminae
       Tribe:         Lampsilini
         Genera: Actinonaias (2)

Amblema (1)
Cyprogenia (1)
Dromus (1)
Elliptio (7)
Epioblasma (7)
Lampsilis (5)
Lemiox (1)
Leptodea (3)
Ligumia (2)
Medionidus (1)
Potamilus (1)
Ptychobranchus (2)
Toxolasma (1)
Truncilla (1)
Villosa (6)

       Tribe:         Pleurobemini
         Genera: Cyclonaias (1)

Fusconaia (4)
Hemistena (1)
Lexingtonia (1)
Plethobasus (1)
Pleurobema (4)
Pleuronaia (2)
Uniomerus (1)

       Tribe:         Quadrulini
         Genera: Quadrula (4)

Tritogonia (1)
     Sub-family:  Anodontinae
         Genera: Alasmidonta (5)

Anodontoides (1)
Lasmigona (3)
Pegias (1)
Pyganodon (3)
Strophitus (1)
Utterbackia (1)

Unionidae is divided into two subfamilies, the Anodontinae and Ambleminae, with the
later subfamily further subdivided in three tribes, Quadrulini, Lampsilini, and
Pleurobemini (Campbell et al. 2005). Key mussel life history and anatomical traits are
reflected in these taxonomic groups. For example, the Quadrulini and Pleurobemini
mussels generally are summer brooders, whereas the Lampsilini and Anodontinae
mussels generally are winter brooders. Lampsilini mussels in the genera Epioblasma,
Lampsilis, and Villosa have complex mantle lures and those in the genera Dromus,
Cyprogenia, and Ptychobranchus produce intricate conglutinates that mimic
invertebrate prey of fishes (Jones and Neves 2002; Jones et al. 2004; Jones et al. 2006a;
Jones et al. 2006b; Barnhart et al. 2008). Species in the Lampsilini are considered some
of the most anatomically advanced species in North America. Quadrulini and
Pleurobemini mussels have rudimentary mantle lures or none at all, and generally
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release simple conglutinates. The Anodontinae mussels have large triangular shaped
glochidia with hooks at the tip of each valve, which allows the glochidia of these
species to attach to and metamorphose on a wide variety of fish hosts (Clarke 1981;
Clarke 1985; Hoggarth 1999). Thus, each of these four taxonomic groups of mussels
have life history and anatomical features that uniquely defines them.

While 77 mussel species currently are known from Virginia, the recognized taxa
and species names are likely to change over time. For example, a recent molecular
genetics study conducted by Lane et al. (2016) showed that purple bean (Villosa
perpurpurea) and Cumberland bean (V. trabalis) in the UTRB are the same species.
Since the latter scientific name has priority it was unchanged but the authors changed
the common name to “Tennessee bean” (see Table 1). Further mussels in the genus
Elliptio on the Atlantic Slope are not well understood genetically and taxonomically.
The shell shape and color of these species are phentotypically variable. Many of the
currently recognized species in this genus look quite similar in their shell morphology,
prompting biologists to question the taxonomic validity of some Elliptio species. The
lanceolate Elliptio mussels on the Atlantic Slope of Virginia previously included four
nominal species: E. angustata, E. fisheriana, E. lanceolata, and E. producta. Recently,
Bogan et al. (2009) used mitochondrial DNA sequence analysis to show that only E.
fisheriana and E. lanceolata actually occur in the state. At least in Virginia, the other
two lanceolate species were shown to be genetically the same species as E. fisheriana.
These finding reduced the number of recognized taxa in the state from 80 to 77.

The eastern elliptio (E. complanata) is widely distributed in Virginia from mountain
to coastal plain streams. Hence, the shape and color of its shell can be quite variable
depending on local stream conditions. Over 180 species names for E. complanata were
synonymized by Johnson (1970) because the species was excessively over-described
by earlier taxonomists, in part due to its highly variable shell morphology. In addition,
Elliptio congarea, E. roanokensis, and Uniomerus tetralasmus all can resemble E.
complanata; therefore, research is needed to determine the taxonomic validity of these
three species in the Virginia portion of their ranges.

The taxonomy of Virginia pigtoe (Lexingtonia subplana) in the upper James River
basin also has been questioned by biologists. Is this species simply a morphological
variant of Fusconaia masoni which it closely resembles? Possibly, but Ortmann (1914)
and Fuller (1973) have argued that it is a valid species because only the outer two gills
are charged in gravid females, versus four charged gills in gravid females of F. masoni.
Similarly, the shell morphology of Tennessee clubshell (Pleurobema oviforme) and
Tennessee pigtoe (Pleuronaia barnesiana) in the UTRB are nearly indistinguishable
but females of the former have two charged gills and those of the later four charged
gills. These two similar looking species are genetically distinct based on DNA
sequences (Campbell et al. 2005). The Virginia pigtoe was last collected alive in lower
Craig Creek in Botetourt and Craig counties (Gerberich 1991). Thus, the taxonomic
validity of L. subplana should not be discounted until scientific data become available
to dispute Conrad’s (1836) original description and Ortmann’s (1914) observations on
its gravid condition.

Conservation of mussels in Virginia
Conservation of freshwater mussels in Virginia will require citizens, non-

governmental organizations, local, county, state and federal governments to apply their
resources to five main areas: (1) water quality monitoring and regulation enforcement,
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(2) restoration of stream habitat, (3) restoration of mussel populations, (4) educating
the public about the importance and status of mussels, and (5) monitoring and research
to understand why mussels are declining and what are the best ways to protect them
(Freshwater Mollusk Conservation Society 2016). Sustained long-term efforts in these
five areas offer the greatest potential to conserve freshwater mussels throughout the
state.

The federal Clean Water Act (CWA) of 1972 and applicable water laws of Virginia
govern water quality monitoring and enforcement in the state; the rules and regulations
of these laws can be obtained by conducting a key word internet search (e.g., CWA
1972). Especially for those streams in Virginia with important mussel resources, such
as in the Powell, Clinch, and Holston rivers of the UTRB and the James and Nottoway
rivers of the Atlantic Slope, it is imperative that good water quality be maintained so
mussel populations can survive long-term (Jones et al. 2014; Price et al. 2014; Zipper
et al. 2014).

Stream restoration is one of the best ways to improve water quality and habitat
conditions, especially in tributaries to main rivers. Tributary streams are vital arteries
contributing to the health of a river. If they are clogged by excessive sediments from
stream-bank erosion for example, habitat quality will decline in the main river where
mussels are most diverse and abundant. Hence, projects that create riparian corridors
filled with trees, shrubs and grasses can go a long way toward controlling sediment
erosion, and in turn, help protect mussels. Fencing out cattle and other livestock from
streams and their respective riparian corridors is especially effective in improving the
health and condition of streams important to mussels.

Restoration of mussel populations by stocking hatchery-reared or translocated
mussels is now technically feasible and the quickest way to boost population size of
imperiled species or those lost via toxic spills or other anthropogenic impacts (Carey
et al. 2015). To alleviate the immediate risk of extinction, population restoration will
play a critical role in mussel conservation. In Virginia, three hatcheries currently
produce mussels for restoration purposes: the Freshwater Mollusk Conservation Center
at Virginia Tech in Blacksburg, the VDGIF Aquatic Wildlife Conservation Center near
Marion, and the U.S. Fish and Wildlife Service’s Harrison Lake National Fish Hatchery
near Charles City. Collectively, these mussel hatcheries have produced thousands of
mussels of more than two dozen species and that have subsequently been stocked in
Virginia river’s, including the Powell and Clinch of the UTRB, and on the Atlantic
Slope in the upper James and Nottoway.

Environmental outreach to K-12 students is critical to increasing awareness and
respect for streams and freshwater mussels in future generations. In 2010 the VDGIF
stocked several thousand mussels at Cleveland Islands on the Clinch River, Russell
County. Biologists invited more than a dozen students from Cleveland Elementary
School to attend and participate in stocking and searching for mussels at the event. The
students learned about what mussels do in streams and had a great time wading into the
r i v e r  t o  h e l p  s t o c k  t h e m .  R e a d  a b o u t  t h e  e v e n t  a t :
http://www.fws.gov/endangered/map/ESA_success_stories/VA/VA_story2/index.html.
Events like these directly connect kids with nature and can make lasting impressions
on them to increase their appreciation for mussels and the importance of healthy
streams.
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Monitoring rare and endangered mussel species is critical to determining if their
populations are declining, stable, or increasing over time. Assessing population trends
is an important first step in understanding the reasons for declines, such as identifying
various sources of industrial, agricultural and urban pollution. Therefore, when
considering the traits that make mussels vulnerable, they make ideal organisms to
monitor how contaminants in freshwater systems might influence their population
trends. Because mussels are considered one of the most imperiled animal groups in the
United States, state and federal natural resource agencies are initiating population
monitoring programs for species of conservation concern in selected river and stream
locations (Strayer et al. 2004). Long-term monitoring programs in the Clinch and
Powell Rivers are good examples (Johnson et al. 2012; Jones et al. 2014; Ahlstedt et
al. 2016). Since mussels are filter feeders and relatively immobile, they can uptake and
accumulate toxins from the environment into their vital organs, including the foot,
gonads, digestive gland and kidney. Thus, focused research efforts to concurrently
monitor trends in population abundance, contaminants in stream networks, toxin
accumulation in vital organs, and the transport, fate and toxicity of chemicals in the
aquatic environment are needed to protect mussels in rivers and streams throughout
Virginia. In addition, research is needed to understand the roles of excess fine
sediments and nutrients, disease, altered temperature regimes, and fish host availability
on mussel reproduction and survival. Finally, several areas and watersheds in Virginia
have not been surveyed for mussels, including Dismal Swamp of the Albemarle basin,
Levisa and Russell forks of the Big Sandy River basin, the Ararat River of the Yadkin
basin, and freshwater streams of the Eastern Shore (Figure 1). Surveys in these areas
may add new species and records of occurrence for freshwater mussels in Virginia.  
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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 fire-
dependent 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 taeda-
Pinus 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 fire-
dependent 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
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potential to invade intact and deeply shaded forests and negatively affect understory
diversity and ecosystem-level processes (Beauchamp et al. 2013).

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 non-
native 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).
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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
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 (VD-
GIF 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
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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
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 nitrogen-
limited 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



ECOLOGY OF VIRGINIA FORESTS 345

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).
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
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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 dry-
mesic oak-hickory and oak-pine forests and woodlands are predicted to be least
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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ABSTRACT

Sea level rise (SLR) along Virginia’s coasts and around the Chesapeake Bay as 
measured by tide gauges is analyzed and discussed. It is shown that the SLR rates 
vary between one location to another and in most locations the rates increase over time 
(i.e., SLR is accelerating). The latest science of SLR is reviewed and the causes of 
the high SLR rates in Virginia are discussed. The impacts of land subsidence and 
ocean currents (changes in the Gulf Stream in particular) on sea level are especially 
notable and important for predicting future SLR in Virginia. The consequences of 
SLR on increased duration and severity of floods are demonstrated and potential 
responses are discussed.

INTRODUCTION
One of the environmental consequences of climate change that have been the 

most visible in Virginia is sea level rise (SLR). While sea level along the coasts of 
Virginia is slowly rising, the impacts of waves and storm surges increase as waters 
are pushed farther into previously unaffected coastal areas and low-lying streets. 
Both natural features such as marshes and barrier islands and also the built features 
such as docks, shipyards, tunnels, homes and hotels constructed along the shoreline 
are all affected. People living on the coast do not always recognize sea level rise 
itself, but they clearly see that there is more frequent flooding and that areas that 
were not flooded in the past are now becoming new flood-prone areas (Atkinson et 
al. 2013, Mitchell et al. 2013, Ezer and Atkinson 2014, Sweet and Park 2014).

The relative SLR rate (i.e., local water level relative to land) on Virginia’s coasts 
is one of the highest of all U.S. coasts and the rate appears to be accelerating (Boon 
2012, Ezer and Corlett 2012, Ezer 2013, Sallenger et al. 2012, Kopp 2013). SLR 

rates from tide gauges in Virginia over the past 10-30 years are ~4-6 mm/year, which 
are higher than the global mean SLR rate of ~1.7 mm/year over the past century as 
seen from tide gauges and even higher than the ~3.2 mm/year over the past 20 years 
as seen from satellite altimeter data (Church and White 2011, Ezer 2013). Note that 
SLR of 3 mm/yr is equivalent to about 1 foot/century. Relative SLR is primarily the 
result of

1 Corresponding author: latkinso@odu.edu
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three processes: 1. global SLR due to warming ocean temperatures and melting land
ice, 2. local land subsidence (sinking) and 3. ocean dynamics. The impact of land
subsidence and ocean dynamics is especially evident in Virginia. The Virginia coast
is experiencing subsidence due to human activities such as groundwater extraction and
historic geological processes (Boon et al. 2010, Eggleston and Pope 2013). Changes
in the flow of offshore currents and the Gulf Stream in particular can result in water
level anomalies and flooding (Sweet et al. 2009, Ezer and Atkinson 2014). Since much
of Virginia’s coastal areas are flat, small amounts of SLR can have dramatic impacts-
increased flooding and coastal erosion, and altering marshes. Dealing with these issues
requires knowledge on future SLR to design and plan accordingly.

CURRENT TRENDS IN SEA LEVEL RISE
Water level measurements from 13 locations around the Chesapeake Bay and the

Virginia coast were analyzed (Figure 1)- 8 stations with long records (~40-110 years)
and 5 stations with shorter records (10-20 years). Water levels along the U.S. coast are
measured by tide gauges maintained by the National Oceanic and Atmospheric
Administration (NOAA) (Zervas 2009).  Hourly data are obtained from the NOAA
website (www.tidesandcurrents.noaa.gov); these data are used for calculations of
potential flooding and storm surge impacts (Atkinson et al. 2013, Ezer and Atkinson
2014, Sweet and Park 2014). Monthly mean data for stations around the globe are
archived by the Permanent Service for Mean Sea Level (PSMSL, www.psmsl.org,
Woodworth and Player 2003). The PSMSL monthly data were used for the stations
with long records, while the NOAA data were used for the stations with short records
(Figure 1); monthly means were calculated from hourly data before calculating SLR
rates. Note that the statistical accuracy of calculating SLR rates from linear regression
(fitting the data with a straight line, the slope of which represents the mean rate)
depends on record length. For example, a record of 60 years would yield an error in
SLR of less than ±0.5 mm/yr (at 95% confidence level), while a record of 30 years
would have an error of less than ±1.5 mm/yr (Zervas 2009, Boon et al. 2010). However,
there are only 2 tide gauge stations in Virginia with observations of over 60 years (86
years at Sewells Point in Norfolk and 62 years at Kiptopeake on the eastern shore).
Therefore, long records from Maryland and short records from Virginia are analyzed
as well.

The analysis of the long records is shown in Figure 2 and that for the shorter records
is shown in Figure 3. Also shown (smooth black line in Figure 2) are inter-annual
variations after removing high-frequency variations using Empirical Mode
Decomposition (EMD, Huang et al. 1998, Ezer and Corlett 2012). SLR rates are
calculated for the past 30 years, and the 30 years before that, to see if the rates are
constant or changing.

Our results reveal that everywhere within the region sea level is rising faster than
the global rates. However, SLR rates are not constant- they vary in time (due to
climatic changes in the ocean) and in place (due to local and regional land subsidence,
see discussion later). SLR is largest in the lower Chesapeake Bay (Chesapeake Bay
Bridge Tunnel (CBBT) and Norfolk), and a little lower in the northern 
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FIGURE 1. Map of the Chesapeake Bay region and location of tide gauge stations.
Long and short records are indicated and analyzed separately in figures 2 and 3,
respectively.
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FIGURE 2. Monthly sea level in the Chesapeake Bay for stations with long records
(from 40 years in Chesapeake Bay Bridge Tunnel, CBBT, to 110 years in Baltimore).
Inter-annual variations are shown by black heavy lines and linear trends by dash lines.
SLR rates in mm/yr are shown for two 30-year periods.
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FIGURE 3. Monthly sea level and trends as in Figure 2, but for tide gauge stations in
Virginia with relatively short records. The SLR rates in mm/y are listed under the
station names.
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Bay (Baltimore, MD, and Washington, DC) and in the eastern shore peninsula
(Kiptopeke and Wachapreague).

Sea level is persistently accelerating. The average SLR from 30-60 years ago (2.45
mm/y for 1953-1983; Figure 2) has increased to a higher rate over the past 30 years
(4.73 mm/y for 1983-2013; Figure 2) and seems even faster in recent years (5.4 mm/y
for 1996-2014; Figure 3). The latter calculations for the short records are less  accurate,
but they are consistent with the same increasing trend of the longer measurements. The
findings here support previous studies that identified the Mid-Atlantic region as a
“hotspot” for accelerated sea level rise (Boon 2012, Ezer and Corlett 2012, Sallenger
et al. 2012, Ezer 2013), but provides more details for Virginia’s coasts than previous
studies which focused only on long records.

There are coherent inter-annual variations (smooth black lines in Figure 2) that can
cause a prolong periods (months to several years) of anomalously high water; such
periods are seen for example around 1975 and 2009. These two periods have similar
weakening GS (Ezer 2015), increased flooding (Sweet 2009, Mitchell et al. 2013,
Sweet and Park 2014, Ezer and Atkinson 2014) and increased coastal erosion
(Theuerkauf et al. 2014). The relation between these water level anomalies and changes
in ocean currents will be discussion later.

CAUSES OF LOCAL SEA LEVEL RISE
Most discussions of SLR are about the average rise of the global sea level measured

by satellites and tide stations (Church and White 2011); the global SLR is mostly
attributed to increase in the volume of the ocean due to land-ice melting and thermal
expansion due to warming of ocean waters. However, the rate of local SLR can vary
significantly from place to place (Ezer 2013). The rate of local SLR can also change
more rapidly over time than global SLR does due to decadal, multi-decadal and other
long-term changes in ocean circulation (Ezer 2015). A summary of contributions to
SLR is given in Table 1.  Below, we will thus discuss two aspects that have particularly
large impact on local sea level in Virginia.

Land subsidence
Local SLR is the change in sea level relative to the coast. Thus, if the land is

sinking (i.e., land subsidence) or rising, the relative sea level can rise faster or slower
than the global SLR rate. It turns out that much of the Virginia coast is sinking; there
are two main reasons for this subsidence, Glacial Isostatic Adjustment (GIA) and
underground water extraction, and they are explained below. Note however, that
measuring the exact rate of subsidence at every point is difficult; even the modern
Global Positioning System (GPS) that accurately measures land movement has only
very few stations in Virginia with relatively short records of only a decade or so
(Eggleston and Pope 2013).

The first factor affecting subsidence in Virginia is GIA, which is caused by the
earth responding to the disappearance of the Laurentide ice sheet a few tens of
thousands years ago. The earth crust is rising in the northern regions of New York and
Quebec while sinking occurs in the regions south of New York, including Virginia
(Sella et al. 2007). GIA is estimated to cause a subsidence of about 0.6-1.8 mm/yr (1
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TABLE 1. Summary of estimated contributions to sea level rise (positive=increase
SLR).

SLR Process Rate mm/y Reference & notes

Subsidence 
Glacial Isostatic

Adjustment 

0.6-1.8 mm/yr USGS, Engelhart &
Horton 2012, Miller et al.
2013

Subsidence 
Ground water pumping

2-4.8 mm/yr
(location

dependent)

USGS, Eggleston & Pope
2013

Subsidence
 Impact crater

Probably small or
unknown

USGS, Powars & Bruce
1999, Boon et al. 2010

Ocean circulation +5-10 mm/yr
(includes decadal

variations)

Ezer 2013, Ezer et al. 2013

Global scale thermal
expansion and land ice

melt

1.7-3.2 mm/yr
(larger recent rates)

Church & White 2011,
Ezer 2013, many others

mm/yr ~ 0.3 feet per century) (Engelhart et al. 2009, Engelhart and Horton 2012). Note
however, that subsidence due to GIA is a very slow process over thousands of years,
so it cannot contribute to the recent acceleration in SLR seen in tide gauge data. The
Chesapeake Bay Impact Crater (Powars and Bruce 1999) affected the geology of the
region as well, but is thought to contribute little to the regional subsidence rates
(summarized in Eggleston and Pope 2013).

The second factor affecting subsidence in Virginia is groundwater withdrawal,
which is a more local effect than GIA. A recent USGS report provided important new
information on the subsidence rates related to groundwater withdrawals near two
Virginia cities (Eggleston and Pope 2013): Franklin and West Point (Figure 4). Highest
subsidence rates at those locations were 3.8 and 4.8 for West Point and Franklin
respectively. The extent of this effect extends throughout the lower Bay region with
rates of 2.0 to 2.8 in the heavily populated Virginia Beach and Norfolk areas. So
ground water pumping can cause a subsidence rate between 2.0 and 4.8 mm/yr and
contribute to the higher SLR rates seen in Figure 2 and Figure 3. Updating the
subsidence maps using new data from GPS and other sources is needed and is an
ongoing process.
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FIGURE 4. Land subsidence in Virginia (negative values represent land sinking in
mm/year) from 1940 to 1971. The fastest sinking sites are centered near West Point and
Franklin townships, where large paper mills extract underground water from wells. The
bull-eye feature in Kiptopeke is near the center of the Impact Crater (source: U.S.
Geological Survey).

Ocean dynamics
One of the least understood contributions to SLR is the impact of offshore ocean

currents, which can result in spatial variations of SLR along the coast (Ezer 2013) and
temporal variations in SLR rates that make predictions more challenging. In particular,
recent research focused on the causes for a “hotspot” of accelerated sea level rise along
the U.S. East Coast north of Cape Hatteras, North Carolina (Boon 2012, Ezer and
Corlett 2012, Sallenger et al. 2012, Kopp 2013, Ezer 2013, Ezer et al. 2013). These
studies suggest that the acceleration in SLR may be a dynamic response to climate-
related slowdown in ocean circulation, and in particular, weakening of the Atlantic
Meridional Overturning Circulation (AMOC, McCarthy et al. 2012, Smeed et al. 2014).
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The Gulf Stream (GS) is a crucial part of AMOC (as well as wind-driven and density-
driven components, see McCarthy et al. 2012, for details), and recent studies show that
when the GS weakens sea level rises along the U.S. East coast (Ezer et al. 2013, Ezer
2013, 2015). The idea that the GS can impact sea level along the U.S. East Coast is not
new (Montgomery 1938, Blaha 1984, Maul et al 1985), but the process is still not fully
understood despite recent observations and models that captured the GS-SLR
connections. The basic mechanism is as follows. Sea level is tilted across the GS (i.e.,
sea level is ~1-1.5 m lower on the onshore side of the GS than the offshore side) and
this tilt depends on the speed of the current (this is called “geostropic” balance),
therefore changes in the path and strength of the GS can cause variations in sea level
and they evidently do so (Ezer 2001, 2013, 2015, Sweet et al. 2009, Ezer et al. 2013).
Climatic changes in large-scale wind patterns may also contribute to coastal sea level
anomalies observed along the U.S. East Coast (Woodworth et al. 2014), either directly,
or by influencing the Gulf Stream flow. These studies found that inter-annual variations
in sea level (such as those seen in Figure 2) are correlated with changes in the GS flow. 

Anomalously higher water levels and increased flooding often happens during
periods when the GS is weakening (Sweet et al. 2009, Ezer et al. 2013, Ezer and
Atkinson 2014). The impact of the GS on sea level can be seen not only on inter-annual
and longer time scales, but also on daily, weekly and monthly basis, as seen in Figure
5. The observed hourly water level in Norfolk (Figure 5a) is apparently influenced by
the GS flow, which is measured (Meinen et al. 2010) by a cable across the Florida
Straits (Figure 5b). For example, at the first half of March, 2014, there were two
periods (days 65 and 75 in Figure 5) when water level anomaly was ~0.5 m (~1.5 ft)
above the tidal prediction and at the same time the GS transport declined by ~10% (-3
Sv compared to mean flow of ~30 Sv; Sv is 1 million cubic meter per second). How to
use this information on changing ocean currents to improve prediction of coastal sea
level is a great challenge. Currently, storm surge computer models used by scientists
at NOAA and other institutions, are mainly driven by local wind, so they neglect the
impact on sea level from offshore changes in ocean currents.

IMPACT OF SEA LEVEL RISE
The impact of sea level rise can already be felt in many low-lying Virginia

communities (Mitchell et al. 2013, Atkinson et al. 2013) and in particular, on the streets
of Norfolk (Figure 6). The frequency and duration of minor tidal flooding has increased
dramatically in recent decades along many U.S. coasts (Ezer and Atkinson 2014, Sweet
and Park 2014). This is sometimes called “nuisance” flooding, which is not
catastrophic, but causes some streets to be covered with water, blocking traffic and
preventing residence from reaching work, hospitals, etc.; in Norfolk for example, this
level is about 30-50 cm, or about 1 foot or more above Mean Higher High Water
(MHHW). For example, before 1980 Norfolk experienced in average only ~30 hours
of minor flooding per year and a year with flooding of more than 50 hours occurred
only once every 10 years (black bars in Figure 6). However, since the 1990s, annual
flooding of 100-200 hours happens almost every year. In the past, a hurricane or strong
nor’easter storm was needed to cause flooding, while today with the additional sea level
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FIGURE 5. Examples of the influence of the Gulf Stream on water level in Norfolk.
(a) Tide prediction (gray) and observed (black) water level; water level of ~0.3m above
Mean Higher High Water (MHHW) are prone to flooding. (b) Observed flow of the
Florida Current (upstream part of the GS) from cable measurements
(www.aoml.noaa.gov/phod/floridacurrent/). Transport is in Sverdrup units (1Sv=
million cubic meter per second). (c) Water level anomaly (solid) and changes in the GS
flow (dash; in Sv/day) are anti-correlated. An example of water level anomaly that
resulted in street flooding in mid March is indicated.
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FIGURE 6. Hours per year that minor flooding starts in the streets of the historic
Hague district of Norfolk, VA, when water level is ~1 ft (30 cm) above MHHW. Black
bars are based on past observations of the tide gauge at Sewells Point; gray and white
bars are estimated projections until 2050 for future SLR rates of 4 and 8 mm/y,
respectively.

rise a threshold is reached such that even a small weather event or a regular Spring Tide
(during full or new moon) can cause flooding. Big storms, such as Sandy in 2012, will
cause today much more damage than past storms that happened when sea level was
lower.

Projections of future flooding are estimated here from past statistics by using
randomly sampled past water level anomalies from the hourly data plus prescribed SLR
rates. Two different scenarios are shown in Figure 6, a very conservative SLR rate of
4 mm/y (lower than today’s rate in Norfolk) in gray and a larger SLR rate of 8 mm/y
in white (assuming an increase in SLR rate over today’s rate). The projections
demonstrate very dramatic impact of future SLR on the frequency of nuisance floods.
By 2050 the annual hours of minor floods will increase from ~200 hours in 2013 to
~500 hours for the low SLR scenario and up to ~1300 hours for the high SLR case (~4
full days of floods per month). This means for example, that many roads along the
water will not be passable for long periods of time so people living in some
neighborhoods will have to find alternative roads and parking slots away from those
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streets. The impact of major storms on inundation (not shown) will also increase
dramatically.

Various initiatives, from local-, city- and state-level, have been taken already as a
response to increased flooding in Virginia in general and in the streets of Norfolk in
particular. For example, Old Dominion University (ODU) established in 2010 the
C l i m a t e  C h a n g e  a n d  S e a  L e v e l  R i s e  I n i t i a t i v e
(http://www.odu.edu//research/initiatives/ccslri/), which involves education, research
and outreach activities in climate studies and the developments of mitigation and
adaptation strategies. Virginia Sea Grant, ODU and the Hampton Roads Planning
District Commission (HRPDC) plan and host quarterly meetings of the Flood
Adaptation Forum, which bring together professionals in adaptation including local
municipal government staff, scientific experts, private sector engineers, state and
federal agency staff and other stakeholders. The Hampton Roads Sea Level Rise
Preparedness and Resilience Intergovernmental Planning Pilot Project
(http://www.centerforsealevelrise.org/) was formed to create a plan for coordination
across federal, state and local government agencies. Residents in flood-prone streets
in the Hampton Roads region can receive flood warning from a local network and from
a new Sea Level Rise App for smart phones (developed by the Norfolk-based,
environmental non-profit group Wetlands Watch). Houses and roads in flood-prone
streets in Norfolk have already been raised, and flood gates and walls protect the
business district of downtown Norfolk, but other areas need protection, so various
means for mitigation and adaptations are under consideration.

SUMMARY
Sea level will likely continue to rise for decades to come, and local rates in Virginia

may continue to rise even faster than the global SLR. Studies need to better understand
and quantify the contribution from land subsidence and ocean dynamics using
combination of measurements, theory and models. Because of the flat topography of
the Virginia coasts and the large population living around the Chesapeake Bay and
along the Atlantic coast, the impacts of future sea level rise need to be addressed. The
SLR into the far future, say 100 years from now, is predicted by global scales climate
models (see for example the reports from the Intergovernmental Panel on Climate
Change, IPCC) and has quite large uncertainties. However, local SLR in Virginia for
the relatively short term, say 10-30 years, can be estimated from the statistics of the
past based on tide gauge stations (Boon 2012, Ezer and Corlett 2012). Since future SLR
is predicted to be at least as fast as the current rates (and likely faster), a rough estimate
of about 1.5-2.5 ft/century for our region is not unreasonable, based on the data
analyzed here. If the Gulf Stream slow down continues the rates may be considerably
higher.
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ABSTRACT
Air quality is an important determinant of public health and quality

of life. A secondary data analysis was carried out to investigate trends and air
quality in Virginia. The analysis included an evaluation of two major air
pollution source categories, emission of criteria and hazardous air pollutants,
ambient concentrations of criteria pollutants, ozone standard violations and
associated meteorology, and hospital admissions for asthma and chronic
obstructive pulmonary disease in Virginia. Comparisons were also made to
national trends and statistics. Data was gathered from many open reputable
on-line sources available through various state and federal agencies. Virginia
routinely meets 5 of the 6 criteria air pollutant ambient standards. Ozone does
continue to represent a challenge for Virginia, as it does for many other states.
Potential focus on further production and consumption of renewable energy,
improvement in fuel efficiency among SUV’s and light trucks, reduction of
the metals content in fuels burned by electric utilities, utilization of emissions
inspections for automobiles, utilization of vapor recovery systems at gas
stations, and continued emphasis on ozone precursors all have the potential
to further improve air quality within Virginia. This is important because the
very young and the elderly are particularly vulnerable to the adverse effects
of poor air quality.

 INTRODUCTION
Poor air quality has long been associated with adverse human and ecological health

impacts. For example, poor air quality led King Edward I in 1273 to prohibit the
burning of coal due to noxious air emissions (Beck 2007).  Although we have made
significant progress in controlling air pollution in many developed countries today,
concern still exists regarding the impact of air quality on health. In the 1980’s and
1990’s, several epidemiologic research studies showed that in the United States both
particulate matter (Wilson and Spengler 1996) and ozone (Lippmann 1989) were
associated with adverse human health effects at levels typical of that time. Additional
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studies were conducted and this body of research is now reflected in the United States
Environmental Protection Agency’s (USEPA) Criteria Documents required under Title
I of the Clean Air Act (USEPA 2014a; USEPA 2010). These Criteria Documents form
the basis for the compliance levels set under the National Ambient Air Quality
Standards (NAAQS).

Today in the Unites States, the USEPA regulates ambient air quality through six
NAAQS. The Criteria Air Pollutants regulated under Title I of the Clean Air Act are
particulate matter (PM), carbon monoxide (CO), ozone (O3), oxides of sulfur (SOx),
oxides of nitrogen (NOx), and lead (Pb). The particulate matter standards include both
particles under 10 microns in aerodynamic diameter (PM10) and particles under 2.5
microns in aerodynamic diameter (PM2.5). Ambient levels of these Criteria Air
Pollutants and other ambient air pollutants are measured continuously through several
of USEPA’s extensive ambient air monitoring networks, including the State and Local
Air Monitoring Stations (SLAMS), National Air Monitoring Stations (NAMS), Special
Purpose Monitors (SPMS), and Photochemical Assessment Monitoring Stations
(PAMS) (USEPA 2015a). In addition, emissions of the six criteria pollutants are
tracked through the National Emissions Inventory (NEI). The USEPA utilizes state
inventory data to compile the NEI on an annual basis and conducts a more
comprehensive NEI review of the state inventories every three years. Hazardous air
pollutants (HAPs) are also regulated by the USEPA through several programs. One of
these programs created by the Emergency Planning and Community Right-to-Know
Act (EPCRA) Section 313 created the Toxic Release Inventory (TRI) program and
contains a list of roughly 650 chemical compounds, many of which are HAPs. HAPs,
in addition to waste water and solid waste toxics, are tracked through the TRI (USEPA
2015b), which is a multi-media inventory system designed to fulfill requirements under
EPCRA. Trends in the release of HAPs can be tracked by industrial sector and by
geographic region through the TRI.

In addition to the actual measurement of airborne concentrations of pollutants and
an inventory of air pollution releases, significant sources of air pollution can be tracked
through various databases. Two industrial sectors that are particularly important
contributors to ambient air pollution are the energy sector and the mobile source (e.g.
automobiles) sector. The Energy Information Administration (EIA) (www.eia.gov) is
a semiautonomous agency within the US Department of Energy that tracks trends and
makes projections of energy production and use in the United States and within
individual states. Many state Department of Transportation (DOT) agencies carefully
track mobile sources by compiling data on automobile and truck use throughout their
state. Mobile source data such as the number of vehicles, total vehicle miles traveled,
and fuel efficiency statistics of the motor vehicle fleet are compiled by most state DOTs
and the EIA.  This information can be used to assess the impact of these two important
sectors on ambient air quality.

We endeavored to utilize the information described above to investigate trends in
important air pollution sources (energy and mobile sources), TRI data, NEI data, and
ambient measurements made by SLAMS monitoring sites for the state of Virginia and
explore potential contributors to human exposure and risks of chronic respiratory
disease.
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    METHODS
The approach to assessing the current air quality condition and trends in Virginia 
were accomplished through secondary data analysis. The overall time period covered 
in this analysis was from 2002 through 2013, but varied by each analysis due to the 
varying availability of different data sources across different time periods.

Data Collection

Data from the National Emissions Inventory (NEI) and the Toxics Release 
Inventory (TRI) were directly accessible via the USEPA website. NEI data was 
downloaded directly from the Office of Air Quality Planning & Standards, Emissions 
Inventory & Analysis Group, Technology Transfer Network Clearinghouse for 
Inventories & Emissions Factors data page (USEPA 2015c). The most recent NEI data 
available was from 2011. The TRI data was searched and downloaded directly using 
the USEPA TRI Explorer search tool (USEPA 2014b). Data on energy production and 
use was downloaded directly from EIA via their State Energy Data System (SEDS) 
search tool accessible on-line (EIA 2015a). Motor vehicle statistics were accessed 
through official state data reports published by the Virginia Department of 
Transportation (VADMV 2014) and through the EIA Monthly Energy Reviews (EIA 
2015b). Ambient air monitoring data was accessed through Virginia Department of 
Environmental Quality (VADEQ) official annual air quality data reports (VADEQ 
2009, 2010, 2011, 2012, 2013, 2014). In addition, ozone exceedance day data for the 
years 2008 – 2013 was obtained directly from the VADEQ Air Quality Monitoring 
branch (VADEQ personal communication, 2/6/15). The VADEQ reports are based on 
measurements made by the VA SLAMS monitoring sites. Meteorological data for the 
years 2008 – 2013 was obtained directly for four Quality Controlled Local 
Climatological Data (QCLCD) NOAA weather stations located throughout the state of 
Virginia for Central, Southeastern, Southwestern, and Northern areas of the state 
(Farmville, Hampton, Martinsville, and Manasas, respectively) (NOAA 2014). Data on 
asthma admissions was abstracted from a state report by the Virginia Department of 
Health, Division of Environmental Epidemiology pilot project on Environmental Public 
Health Tracking published in 2012 (VDH 2012). Asthma data was also collected from 
the Centers for Disease Control and Prevention by analyzing Morbidity and Mortality 
Weekly Reports (CDC 2011), Data Briefs and raw data through the Chronic Indicator 
Search Tool (CDC 2011, 2012a, 2012b, 2015). Other key asthma data was collected 
from the Virginia Asthma Plan 2011 – 2016 report (Kiger 2010), Virginia Department 
of Health Burden report for 2013, and American Lung Association Report for 2014 
(American Lung Assoc 2014).

Data analysis

First, the data was simply described over the time period and observations regarding 
any patterns or trends were noted. Second, comparisons were made between trends in 
Virginia and national trends in order to identify differences. Third, the number of days 
with a violation of the NAAQS for ozone in each “ozone season” for the years 2008 
through 2013 was analyzed. A more detailed description of ozone violations was also 
described in relation to the meteorology measured in central Virginia. The 
meteorological parameters investigated included dry bulb temperature and % relative 
humidity. Comparisons between the seasonal average of the meteorological parameters 
and the number of NAAQS ozone violations from 2008 through 2013 was assessed.
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Fourth, we described data on hospital admissions for asthma and chronic obstructive
pulmonary disease (COPD). Detailed description of asthma admissions by age group,
with a particular focus on the elderly (> 65 years of age) and young children (<5 years
of age) was also performed. This analysis was descriptive in nature and further
statistical assessment will be conducted in the future.

RESULTS & DISCUSSION
Sources of Ambient Air Pollution 

a) Energy Sector
Analysis demonstrated that for many energy sources, Virginia reflected the national

trends. Overall energy consumption measured in terms of either British Thermal Units
(BTUs) or in terms of physical quantities (e.g. short tons for coal) had similar trends
and showed a decline in the 2008 – 2009 time frame in both the statewide and national
consumption trends. This is likely the result of changes in the economy and the impact
of the recession that began in 2007. Energy consumption has since returned to pre-
recession levels and will likely continue to increase. Nuclear energy consumption has
remained relatively flat and unchanged since 2002 in both the statewide and national
data as the number of nuclear power plants has remained the same over many years.
However, there are plans to potentially build more nuclear power plants in the future
and if these plants were built, it would impact the available energy from this sector. 
Coal exhibits similar trends to overall energy consumption, with the exception that after
the recession and recovery in 2010 there was an increase in consumption but this
increase began to wane in 2012.  At the same time, as hydraulic fracturing has made
natural gas more plentiful and hence cheaper, there has been an increase nationally in
natural gas consumption and this may have displaced some of the coal used nationally
and statewide. The upward trend for natural gas consumption is even more pronounced
in Virginia (Figure 1). The percent change from baseline in Figure 1 is approximately
an 11% increase from baseline in consumption of natural gas nationwide, whereas in
Virginia there is roughly a 59% percent increase from baseline. This may benefit the
air quality nationally and in Virginia because natural gas burns significantly cleaner
than coal and is much less carbon intensive on a per BTU basis.

Interestingly, Virginia does lag behind the national trends in terms of renewable
energy consumption. There was a dramatic rise in renewable energy consumption on
the national level with a substantial increase beginning in 2008 and continuing after the
economic recovery. However, Virginia appears to be relative flat across the time frame
analyzed (Figure 2). An assessment of Virginia’s renewable energy production and
consumption shows that while consumption flattens out, there is a decrease in
production via renewable energy after 2005 (Figure 3).

b) Automobiles and mobile sources
Mobile sources are very important in air quality inventories. Trends in automobile

use in Virginia reflect national trends, where from 2002 through 2012 there has been
an increase in the number of registered vehicles and an increase in vehicle miles
traveled (VMT) but this trend has not been dramatic and in 2007 (national trend) and
2008 (Virginia) there was an inflection point where VMT seems to have leveled off or
even decreased slightly. In Virginia, there were 6,659,560 vehicles registered in 2002
and 7,706,795 vehicles registered in 2012 (VADMV 2014).  This represents a growth
of approximately one million registered vehicles in Virginia over these 10 years.
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FIGURE 1. Natural Gas Consumption trends for Virginia and Nationally from
2002 - 2012.

Vehicle miles traveled (VMT) is an important parameter to understand the potential
contribution of mobile sources to air pollution. In Virginia the peak year for VMT was
2008 with 82 billion miles traveled (VADMV 2014) and 2007 was the peak year
nationally with roughly 3 trillion miles traveled (McCahill and Spahr 2013). In
Virginia, VMT has leveled off at roughly 81 billion miles. The leveling off of VMT
both nationally and statewide is likely related to several important trends that
transportation officials believe will continue to retard dramatic growth in VMT with the
current technologies. These trends include general economic activity and
unemployment rates, the aging of the baby boom generation, saturation of automobile
ownership per household, higher costs of car maintenance, decreased desire to drive
due to increased traffic congestion and commute times, and changes in attitudes about
living in more densely populated communities (McCahill and Spahr 2013). While these
changes have taken place, some improvements in fuel efficiency have also taken place.
Light duty vehicles (short wheel base, e.g. sedan) have increased their average fuel
efficiency from 22 miles per gallon (MPG) in 2002 to 23.3 MPG in 2012 (EIA 2015b).
However, light duty vehicles with long wheel bases (e.g. SUVs) have actually seen a
slight decrease in their fuel efficiency from 17.5 MPG in 2002 to 17.1 MPG in 2012
(EIA 2015b). Heavy duty trucks have seen a slight increase in fuel efficiency from 5.8
MPG in 2002 to 6.4 MPG in 2012 (EIA 2015b).
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FIGURE 2. Renewable energy consumption trends in Virginia and Nationally from
2002 - 2011.

This data represents a mixed result in terms of benefits for air quality. Leveling off
of VMT is beneficial and certainly improvements in fuel efficiency standards for light
duty short wheelbase vehicles will result in reduced air pollution from mobile sources.
However, the popularity of light duty long wheelbase vehicles (SUVs, light duty
trucks) and their relative decrease in fuel efficiency will likely offset some of the air
quality gains made in the mobile source sector.

c) Toxic Release Inventory (TRI)
Data gathered from the USEPA TRI demonstrated that in general the trends of total

Hazardous Air Pollutants (HAPs) emitted among different industries in Virginia were
similar to national trends. The only exceptions were North American Industrial
Classification System (NAICS) code 313/314 Textiles, NAICS 333 Machinery, and
NAICS 4247 Petroleum Bulk Terminals, which appeared to show a drop in Virginia
and yet a relatively flat pattern nationally. In particular, the NAICS 333 Machinery
industrial sector showed a significant drop in HAP emissions after the start of the
recession in Virginia and has not returned to pre-recession levels.

Analysis of this TRI data showed that in both Virginia and nationally the electric
utilities industry (NAICS 2211) emitted the highest amount of TRI-listed hazardous air
pollutants. A total of 4,580,961,573 lbs of TRI-listed HAPs were released off-site from
electric utilities nationally from 2003 through 2012 and a total of 120,890,122 lbs were
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FIGURE 3. Virginia renewable energy consumption versus production 2002 - 2011.

released from Virginia utilities over the same time period. The EIA has a data utility
tool available on-line (EIA 2015c) which produces estimates of the net generation
capacity at electric utilities. It was found that 17,719,561,000 megawatts was the net
generation of all US electric power utilities in NAICS category 22 from 2003 through
2012 and 333,683,000 was the net capacity produced in Virginia over the same time
frame. By extension, it was found that the TRI-listed HAPs emission rate averaged over
the period from 2003 through 2012 on a per megawatt basis can be calculated as 259
lbs of HAPs per megawatt in the US overall and 362 lbs of HAPs per megawatt in
Virginia. As a result, it appears for the 10 year period cited that Virginia had a higher
HAPs emission rate on a per megawatt basis compared to the country as a whole. It is
important to note that this analysis was conducted only considering fossil fuels and
biomass, in other words only fuels that are burned to generate electricity. Nuclear and
renewable sources were not included because it was believed that they would not
contribute significantly to the TRI-listed HAP emission rate and therefore their
exclusion provides a more accurate accounting of the true per megawatt emission rate
from electric utilities that are likely to have TRI-listed HAP emissions. The mix of
combustible fuels in the energy portfolio for Virginia electric utilities closely mirrors
that of the US as a whole and therefore differences in fuel mix are not likely an
explanation for the higher emission rate in Virginia (Figure 4).
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FIGURE 4. Average combustible fuel mix for the United States (a) and Virginia
(b) as a percent of total Megawatts generated from 2003 - 2012.

The combustible fuel mix likely explains the finding that the two most abundant
TRI-listed HAPs released in Virginia are “magnesium and its compounds” and “lead
and its compounds”. Overall, magnesium, lead, and their related compounds
represented 52 % to 77% of the total mass of TRI-related emissions from 2003 through
2013. TRI data showed that there were anywhere from 79 to 90 different compounds
in the TRI database over this time period, but that in many cases, the top 5 compounds
on the TRI list for Virginia were metals. This likely resulted from the fact that these
metals frequently are present in trace quantities in the fuels burned by electric utilities.
A trace concentration in fuels can translate into a large amount of the TRI-listed
material being emitted over time because of the massive quantity of fuel that is burned
by utilities. The most common organic compounds reported were solvents or additives
and the exact chemical varied year to year but included methanol, toluene, 2,4-
dinitrotoluene, ethylene glycol, and n-hexane. Toluene was the most common organic
in Virginia and was reported in the third or fourth largest quantity of all TRI-listed
HAPs for 6 of the 10 years analyzed.

d) National Emissions Inventory (NEI)
The NEI demonstrated several interesting characteristics about air quality trends.

The relative contribution of the different source categories were similar from the 2008
inventory to the 2011 inventory and relative source contributions were similar for SO2

and NOx in Virginia and the United States overall. The NEI demonstrated the
importance of the transportation sector in contributing to NOx emissions both statewide
and nationally.

Differences were observed between Virginia and national trends in the relative
contributions among sources of both PM10 and PM2.5. For example, the stationary
source combustion sector (e.g. electric utilities), transportation, and industrial processes
contributed a higher percentage of emissions in Virginia compared to the national
inventory (Figure 5). In addition, the NEI also demonstrated that the relative source
contribution from the transportation sector was more substantial for the CO and volatile
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FIGURE 5. Source contribution to PM 2.5 emissions in 2011 for the United States
and Virginia based on NEI. Includes both filterable and condensable particulate
matter.

organic compound (VOC) emissions in Virginia compared to the overall national trend.
(Figure 6) This may be a consequence of the lack of emissions testing for motor
vehicles, including fuel system leaks and tail pipe testing, and the lack of vapor
recovery systems at gas stations in Virginia. Alternatively, this simply could be an
artifact of the inventory where there was a smaller contribution from wildfires in VA
compared to the United States as a whole.

National Ambient Air Quality Standards (NAAQS) Compliance
a) Overview – Criteria Air Pollutants in Virginia
A review of the annual ambient air quality monitoring reports from the Virginia

Department of Environmental Quality (VADEQ 2009, 2010, 2011, 2012, 2013, 2014)
reveals that between 2008 and 2013 the state was in compliance with the NAAQS for
carbon monoxide, nitrogen dioxide, and sulfur dioxide. Virginia was in compliance
with the particulate matter NAAQS for PM10 from 2008 through 2013 and had only
one violation of the PM2.5 twenty four hour standard in 2013. However, it is important
to also note that Virginia applied for and received an exceptional event exemption in
2008 and 2011 because high particle concentrations were caused by the coastal North
Carolina and Dismal Swamp wildfires. Therefore, these events are not recorded as
violations of the NAAQS because the USEPA excluded these particle exceedances
from consideration. Despite this petition, it is important to note that these wildfires
resulted in significantly elevated particle concentrations and future wildfires may
impact public health.

Ozone is the criteria pollutant where there is a persistent challenge in meeting the
NAAQS standard for Virginia, as is the case for many areas in the United States.
Northern Virginia, Richmond, and the Hampton Roads areas are generally the most
problematic areas and experience the highest number of days with a violation of the
NAAQS, commonly termed an exceedance day. Ozone is a secondary pollutant and as
such its formation is greatly affected by the meteorological conditions and the
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FIGURE 6. Contribution of transportation sector to carbon monoxide (CO) and
volatile organic compound (VOC) emissions in the Unities States and Virginia
based on 2011 NEI.

concentrations of precursor chemicals. As a result, it is suspected that the differences
in the ozone exceedance trends observed across Virginia for the years 2008 through
2013 are significantly related to these factors, which has some similarities to national
trends. (Figure 7)

b) Ozone excursions 2008 – 2013
For the period of 2008 through 2013, there were 95 days where at least one monitor

in Virginia exceeded the NAAQS for ozone.  The data in Figure 7 represents a total of
171 “hits” for the 95 days where there were ozone exceedances, where a “hit” is a day
recorded in a given region where there was at least one monitor in the region that
exceeded the 8-hour average NAAQS of 0.075 ppm of ozone. There are many days
where more than one region exceeded the standard on the same day, so each
exceedance day can have more than one “hit”. Ozone is a regional pollutant with highly
correlated concentrations across different regions and therefore it is not unusual to have
multiple “hits” on one day. In addition, there are multiple monitors in each region, so
the 171 “hits” represents a total of 358 measurements among all monitors in all regions
that recorded an ozone concentration value above the NAAQS standard for the period
2008 through 2013. As a result, each statewide exceedance day often has multiple hits
across different regions with many different monitor measurements. The ozone daily
standard also records ozone as an 8 hour rolling average based on 8 hourly average
measurements from continuous monitors. In other words, the time period from 00:00
to 08:00 is one rolling average, then 01:00 to 09:00 is the next 8 hour rolling average
in the 24 hour period, and so on. There are a total of 24 eight hour rolling averages in
any given 24 hour period as EPA includes averages over the nighttime as well as
daytime. If there are multiple 8 hour rolling averages that exceed the standard, EPA
NAAQS stipulate that that this only constituents one exceedance day recorded as the
highest 8 hour rolling average of all measurements in the 24 hour period.

Air monitoring data shows that of the 95 ozone exceedance days in Virginia
between 2008-2013, 85% of all exceedance days occurred between the months of June
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FIGURE 7. National trends in ozone concentrations by year (left) and # ozone
exceedance days in Virginia (right) from 2008 through 2013. Note decrease in
2009 and 2013 in both national trends and Virginia trends.

through August and the peak month was July (Figure 8). The highest concentration of
ozone measured between 2008 – 2013 was 0.110 ppm at the Henrico monitoring site
in Central Virginia (Richmond area) and occurred on June 6, 2008.

If the exceedance data is broken down and summarized by the daily period for
which the 8 hour rolling average is calculated, it can be shown that the critical window
for ozone exceedance is from 9 am through 7 pm during the day, where more than
roughly 98% of the exceedance measurements had at least some percentage of their
measured time in this critical window. This is not surprising because ozone is a
photochemical oxidant formed in the presence of sunlight. However, there were a small
percentage of measurements (~1.5%) collected overnight that were completely outside
this critical window. This finding suggests that the persistence of ozone on high
concentration days can occur from the lag time associated with transport of ozone
generated during the daytime to other regions after dusk resulting in a small number of
violations during the night. In fact, one of the ozone violations that occurred from 11
pm through 7 am occurred on April 18, 2008 at the monitoring station in Madison
County Virginia, which is a town close to Charlottesville at the foothills of the Blue
Ridge Mountains. Data shows earlier in the day on April 18th that there were
widespread violations of the standard across all regions of Virginia as the day was
unusually warm (avg daily temp 84 0F) and weather data from the meteorological
station at Charlottesville-Albemarle airport (approx 24 miles from Madison) shows that
the predominate wind direction for the day and specific periods overnight was from the
south-southeast, suggesting that ozone generated during the day throughout Virginia
was transported north to Madison County Virginia resulting in the violation overnight.
It can be speculated that while ozone is not generated in the absence of sunlight, that
it does take some time for ozone that is generated during the day to degrade and
therefore it can persist into the evening.
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FIGURE 8. Ozone exceedance days in Virginia by month for 2008 through 2013.

c) Meteorological Assessment 2008 – 2013
Meteorological data captured by the NOAA Quality Controlled Local

Climatological Data (QCLCD) system was summarized from May to September for the
years 2008 – 2013 in the central Virginia region (Farmville meteorological station;
approximate center of state). In this descriptive analysis, average daily temperatures
between 8 am and 8 pm and the average percent relative humidity (% RH) were
calculated for each year’s May through September period. Data on ozone violation data
in central Virginia was also summarized by including all central Virginia air quality
monitors, which were located in Albemarle County, Rockbridge County, Chesterfield
County, Henrico County, Hanover County, Charles City County, and Caroline County.
The recording of ozone violations are highly correlated among these different monitors
because ozone is a regional pollutant and they are all located in the same approximate
region. The ozone exceedances for the period were then characterized by using the data
from the monitor with the maximum number of ozone exceedance days during the
period. This was compared over each year of analysis (Table I).  Correlation
coefficients calculated for the maximum number of exceedance days in a period versus
the number of days where the temperature was greater than 90 0F was 0.59 and for days
with high relative humidity was -0.73. Days that are greater than 90 0F are associated
with intense sunlight and likely associated with factors conducive to photochemical
reactions and likely explains the positive correlation coefficient. Days that have a high
relative humidity, defined here as between 80% and 95%, are likely to occur when
weather conditions are less conducive to photochemical reactions, and hence explains
the negative correlation coefficient. In fact if the %RH goes above these values it will
most likely produce a rain event.
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TABLE 1. Ozone violation data in Central Virginia and corresponding average
meteorologic conditions for the May through September time period from 2008
– 2013.

Year Max # vio* measured
by any given monitor

# 900F days # days RH 80-95%

2008 11 62   71

2009   0 44 115

2010   6 88   71

2011   7 62 105

2012   5 69   75

2013   1 37 112

* - violation days

Exposure & Health Effects 
a) Overview
Chronic respiratory disease trends in Virginia and Hampton Roads
The prevalence of asthma is a concern nationwide, given that an estimated 8% of

Americans have asthma (CDC 2011a). This percentage translates to around 25 million
individuals in the United States (US) who are known to have asthma. Of these 25
million individuals, 7 million are children (VDH 2013). Asthma cost the US $56 billion
dollars in 2010. However, the estimated prevalence of asthma is higher in Virginia and,
even more so, in Hampton Roads. The most recent data available indicate that over 9
percent of Virginians have asthma (Kiger 2010) which translates to an estimated
163,252 pediatric asthma cases and 553,864 cases of adult asthma (American Lung
Association 2014.). From 2000-2008, the adult female rate of 11.9 percent surpassed
adult male rate of 6.5 percent (consistent with national trends). In addition, those with
the lowest income and education had the highest rates of asthma. An increase in
lifetime asthma rose from 9.3 percent in 2003 to 14.4 percent in 2008 for children of
Virginia. (CDC 2012a, 2012b)

Prevalence rates in Norfolk, Chesapeake, and the Peninsula are much higher and
range from 11% to 12%. Hospitalizations for the condition result in a length of stay of
4 days and cost nearly $13,000 on average. Such asthma related hospitalizations
represent the fourth leading cause of hospitalization among children in Virginia (Kiger,
2010).

COPD
The prevalence of COPD in Virginia is 5.7 percent, which was equal to the national

rate in 2012 among adults $18 year of age. The prevalence of COPD in 2012 among
those adults $45 years of age and older in Virginia is 9.3 percent, which was greater
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than the national rate 9.0 percent. Prevalence of current smoking among adults $18
years of age with diagnosed COPD in 2012, was 48.3 percent for Virginia and 47.0
percent for the national rate. Prevalence of current smoking among adults $45 years of
age with diagnosed COPD in 2012, was 42.0 percent for Virginia and 38.6 percent for
the national rate. The following groups were more likely to report COPD: persons aged
65–74 years, non-Hispanic whites, women, individuals who were unemployed, retired,
or unable to work, individuals with less than a high school education, people with lower
incomes, individuals who were divorced, widowed, or separated, current or former
smokers, and those with a history of asthma (CDC 2011b, 2015).

b) Asthma admissions in Central VA by age group
A pilot Environmental Public Health Tracking (EPHT) project conducted by the

Virginia Department of Health in 2011 investigated the relationship between weather
patterns and asthma admissions in the metro Richmond area (VDH 2012). This project
found that there was an association between daily diurnal temperature and asthma
admissions but this relationship had a negative correlation coefficient (VDH 2012),
likely due to the fact that the peak in asthma admissions to the hospital occurred in
September and October (cooler months) and was the lowest in the middle of the
summer (hottest months). It is well documented that asthma hospital admissions peak,
especially for children, in the early fall due to the on-set of molds from decaying plant
matter and also due the increase in the transmission of respiratory infections among
children returning to school (NJDHSS 2006). While the overall rate of hospital asthma
admissions is lowest in the summer, studies conducted in locations outside of Virginia
have estimated that summer time ED admissions are likely to be 28% higher on
summer days with elevated ozone concentrations (Weisel and Cody 1995). Further
study that distills the effects of multiple triggers of asthma exacerbation needs to be
conducted in Virginia to determine the true relationship between hospital admission and
ambient air quality.

The VDPH pilot project also documented the hospital admission rate for asthma as
a primary diagnosis among different age groups. Their data analysis showed that
children under the age of 5 have the highest admission rate for asthma followed by
children between the ages of 5 and 9 (VDH 2012). They also showed that the elderly,
especially those over 70 years old, had an elevated incidence of asthma admissions
(VDH 2012). This suggests that those most at risk for hospital admission due to asthma
are likely the young and old in the population. By extension, an argument could be
made that these are also the most at risk from the adverse effects of poor ambient air
quality. Differences in asthma admission rates are noted between the years 2008 (high
ozone year) and 2009 (low ozone year) in Virginia but it is variable, with 0-4 year olds
having a higher rate in 2008 versus 2009 and 5-9 year olds having a higher rate in 2009
versus 2008 (VDH 2012). One could speculate that the rate among school age children
is more influenced by triggers like respiratory infections and toddlers who are not yet
attending school may have their rates more strongly impacted by ambient air quality
triggers. A more detailed investigation of this data is warranted.

SUMMARY
This secondary data analysis helped to demonstrate several characteristics about the

condition of Virginia’s ambient air quality and factors that impact this quality. The
large increase in use of natural gas for energy in Virginia will likely contribute to
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improved air quality. The national trend in decreasing fuel efficiency for popular long
wheelbase vehicles, such as SUVs and light trucks, will likely negatively impact all
states, including Virginia. Some additional improvements that may contribute to better
air quality in Virginia could include an enhanced focus on better production and
consumption of renewable energy, consideration of vapor recovery systems on
automobile fueling stations throughout the entire state, emissions inspections for
vehicles in Virginia, and additional focus on HAP emission from electric utilities to
reduce the metal content of fuels burned.

In addition, Virginia is generally in compliance with the NAAQS for all criteria
pollutants with the exception of ozone. Days with strong sunlight and higher
temperatures will represent the highest likelihood of elevated ozone concentrations.
Although there have been exceedances of the ozone standard between April and
October, the peak months having ozone violations in Virginia have been June through
August between 9 am and 7 pm. Additional research investigating ozone and
respiratory health in Virginia is warranted. In addition, this secondary analysis
demonstrated that although weather patterns significantly impact ozone exceedance
days, continued focus on ozone precursors will likely improve attainment with the
ozone NAAQS. Health data support the need for further analysis and detailed study,
however, it appears that the very young (0-4 years of age) and the elderly (>65 years
of age) may be the most susceptible to the adverse effects of poor air quality. A
comprehensive plan should also be in place to minimize the risks associated with
wildfires since they occur occasionally in the Southeastern area of Virginia. During
these wildfire events, it is important to make information widely available to residents
in areas that may be impacted, such as Hampton Roads.
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