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Abstract
PHRAGMITES AUSTRALIS PATCH CHARACTERISTICS IN RELATION TO
WATERSHED LANDCOVER PATTERNS ON THE EASTERN SHORE OF VIRGINIA
Jeremy D. Fennell, Master of Science
A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science at Virginia Commonwealth University.
Virginia Commonwealth University, 2007
Thesis Director, Dr. Donald R. Young, Department of Biology
Phragmites australis is a perennial grass presently invading many intertidal and
freshwater wetlands throughout much of the Atlantic Coast of North America. The spread
of Phragmites into coastal wetlands is in part determined by available freshwater and
nutrients, especially nitrogen, within the watershed where Phragmites populations occur.
The Eastern Shore of Virginia is an intensive agricultural area, and watershed landcover
may play a major role in Phragmites invasion. Forty-five Phragmites patches were
sampled in eight VA Eastern Shore mainland watersheds and on a barrier island.
Regardless of watershed landcover characteristics, there was little variation in Phragmites
australis patch characteristics along the oceanside of the entire Eastern Shore of Virginia.
Phragmites is a generalist with broad environmental tolerances. Thus, successful
management and eradication plans may have broad scale application for this invasive
grass.
viii

CHAPTER 1 Thesis Introduction

Phragmites australis (Cav.) Trin. ex Steud. (the Common Reed), hereto after
Phragmites, is a wetland grass found in a variety of intertidal and freshwater wetlands of
the Atlantic Coast (Chambers et al. 1999, Bart et al. 2006). Although Phragmites
rhizomes have been identified in soil cores dating back 4000 years in New England
(Niering et al. 1977, Orson 1999), a non-native haplotype M has invaded many areas in the
Northeast, Great Lakes, and mid-Atlantic coastal wetlands in the last century (Saltonstall
2002, Welch et al. 2006). Haplotype M is presently the most widely distributed haplotype
in North America, but is native to Europe and continental Asia. Haplotype M has also
shown up at one site in New Zealand, but it is unclear whether it is native (Saltonstall
2002). The native haplotype F has existed on the Delmarva Peninsula for sometime. It is
not considered invasive, and has been displaced by haplotype M. Presently, the only
confirmed coastal patches of haplotype F are in Allen, MD (Chesapeake Bay area ) and
Chance, VA (Rappahannock River) (Saltonstall 2002, Vasquez et al. 2005). Haplotype M
is distinguished from F by its aggressive growth habit and wider salt tolerance (Saltonstall
2002, League et al. 2006). As expected, a survey based on morphometric characteristics
identified only haplotype M in Phragmites populations on the Eastern Shore of Virginia
(Crawford 2005, unpublished data).
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Wetlands are linkages in the landscape, and effectively intercept water and
associated materials transported from watersheds (Kercher and Zedler 2004). This
positioning enables Phragmites populations to benefit from nutrient loading and increased
freshwater inputs resulting from impervious surfaces such as roads (Bertness et al. 2002,
Silliman and Bertness 2004). Land-use activities in a watershed should affect Phragmites
patch stability as well as the susceptibility of new coastal areas to Phragmites invasion.
Phragmites establishment and expansion is well documented (Amesburry et al.
2000, Bart and Hartman 2000, 2002, 2003, Bart et al. 2006). Gaps created by
anthropogenic disturbance, such as development, and natural events, such as floods, give
Phragmites the opportunity to displace native vegetation (Ailstock 2001, Burdick et al.
2001). Seed viability is low, so Phragmites colonization typically initiates from emerging
rhizome segments buried at the well-drained upland and marsh interface (Whijte and
Gallagher 1996, Bart and Hartman 2000). Phragmites populations then expand by
vegetative propagation into soil with higher edaphic stress (Bart and Hartman 2002), at
rates reaching 10 m yr-1 (Ailstock 2001). Phragmites also has the ability to grow densely
(300 stems m-2) in mature stands (Ailstock 2001), and often emerges in the spring before
most native species (Meyerson et al. 2000). Once established and expanding, Phragmites
successfully blocks out sunlight for native species, which normally shifts a diverse wetland
community into a Phragmites monotype (Minchinton et al. 2006). Also, Phragmites litter
can exceed 30 cm at one time, further inhibiting native species (Ailstock 2001).
Edaphic stress and flooding are the main limiting factors for Phragmites in the
coastal environment. After rhizomes emerge and clonally spread down into the
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mesohaline marsh (5-18 ppt), a zone exists where the invasion halts, usually close to the
mean high water mark (Meyerson et al. 2000). Phragmites is thus inhibited by anoxia,
salinity, and sulfides that exist at elevations with regular tidal flushing (Chambers et al.
1999). Coastal storms can put additional stress on Phragmites populations, but most
patches tolerate the disturbance, if infrequent.
Salinity is a known stressor of many coastal plant species. Phragmites height and
stem density is restrained at soil salinities of >18 ppt (Wijte and Gallagher 1996, Meyerson
et al. 2000). Phragmites is especially sensitive to salinity when new rhizomes attempt to
establish, and salinity can interact with factors such as temperature to inhibit seed
germination (Gorai et al. 2006). Bart and Hartman (2002) found that even in soils where
Phragmites clones had invaded, rhizomes could not emerge in the same areas if soil
salinity and anoxia were high. Pore water sulfides also restrict Phragmites by causing
stunted growth, bud death, and blockage of gas pathways (Chambers et al. 1998, Hotes et
al. 2005).
Phragmites morphology and physiology may ameliorate the effects of these
environmental constraints. In the coastal marsh landscape, Phragmites is commonly found
around freshwater seeps or locations where deep roots (>80 cm) can access groundwater
(Burdick and Konisky 2003). Deep roots are especially effective if there is altered soil
drainage, such as a ditch, dredge spoil pile, or tidal barrier, all of which can increase
freshwater inflows and/or limit tidal flushing (Bart and Hartman 2000, Burdick et al. 2001,
Maheu-Giroux and de Blois 2005, 2007). Also, Phragmites has Venturi-enhanced
pressurized gas flow. Atmospheric oxygen is forced from the stems into the rhizome
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network where it flows to clones in more poorly-drained soils (Armstrong et al. 1992,
Vretare and Weisner 2000). The increased oxygen is then pushed out into the rhizosphere
around the clone, and reduced soil conditions due to anoxia are improved locally
(Armstrong et al. 1992).
Despite these adaptations, salinity and sulfides inhibit ammonium (NH4+) uptake by
Phragmites. Ammonium is the major form of N in anoxic coastal marsh soils, as it is the
reduced form of nitrate (NO3-) (Mendelssohn 1979). Significant decreases in NH4+ uptake
occur at pore water levels of >20 ppt salinity (Chambers et al. 1998). This decreased
uptake results from the sodium ions (Na +) competing with NH4+ for binding sites on the
rhizome (Lissner and Schierup 1997, Meyerson et al. 2000), and associated sulfides
damaging other plant functions (Chambers 1997). Thus, it is important to account for
salinity when gathering pore water NH4+ data.
Increased N may give Phragmites an advantage over many Atlantic Coast
competitors (e.g. Typha spp. and Spartina spp.). Phragmites generally has a higher
aboveground and belowground biomass (Windham 2001), standing stock N, and
contributes more energy stores aboveground when increased N is available (Meyerson et
al. 2000, Minchinton and Bertness 2003). Also, Phragmites tolerates high N loading, and
is widely used in constructed wetlands in Asia, Europe, and even some locations in
America for municipal and agricultural wastewater treatment (Mitsch and Gosselink 2000,
Southichak et al. 2006). Hardej and Ozimeka (2002) concluded that aboveground biomass,
leaf area index, specific leaf area, stem density, and shoot diameter were all higher in
Phragmites populations treated with N-rich sewage as opposed to natural populations.
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Also, even though eutrophication in Europe and Asia may contribute to Phragmites
decline, N additions above field conditions do not inhibit NH4+ uptake (Romero et al.
1999).
Phragmites responds to N enrichment in natural settings as well. Minchinton and
Bertness (2003) found that stem density, height, and aboveground biomass all increased as
N was added in a monotypic Phragmites stand. Fertilization studies have also concluded
that increased pore water NH4+ stimulates growth (Rickey and Anderson 2004).
Additionally, growing stems and deeper litter, stimulated by N inputs, can reduce osmotic
stress by providing increased soil shading. This results in less soil evaporation, and
reduces soil salinity throughout the growing season (Burdick et al. 2001).
Although several studies have focused on Phragmites effects on marsh N cycling
(Meyerson et al. 2000), few have linked Phragmites invasion to increased N and
freshwater inputs resulting from coastal development (Bertness et al. 2002, Silliman and
Bertness 2004). Nitrogen loading from coastal watersheds via groundwater, surface water,
and atmospheric inputs cause marine ecosystems, in part, to be the most eutrified (Valiela
et al. 1997). Also, percent cropland per watershed area has been related to N loading in the
Chesapeake Bay (Jordan et al. 1997).
Along the southern portion of the Delmarva Peninsula, watersheds of the Eastern
Shore, VA have a few pockets of development and associated N loading from wastewater.
However, the highest potential for N loading in Eastern Shore watersheds is agriculture. A
popular crop, the N-fixing soybean, can effectively increase pore water NH4+ in
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Phragmites patches (Stanhope 2003). Also, fertilizer application and animal waste
increase N supplies in the soils surrounding agricultural areas (Pierzynski et al. 2000).
All Eastern Shore watersheds differ in landcover characteristics, which may explain
variation in nitrogen and growth parameters of Phragmites patches (Porter 2005,
unpublished data). Watersheds with a higher percentage of cropland, development,
grassland, and bare soil could confer the best conditions for Phragmites because of
increased N input and/or decreased retention of N (Pierzynski et al. 2000). Measurements
of soil salinity, sulfides, and tissue chlorides could also decrease based on watersheds with
a higher potential for freshwater inputs (ie. high percent of bare soil). Watersheds with a
higher percent of forest and wetlands may have a greater potential to sequester N and
freshwater, and wetlands situated above the Phragmites patches could transform N into
forms unavailable to Phragmites such as N2 (Mitsch and Gosselink 2000). Watersheds
with a large percent of forest and wetland may have less vigorous Phragmites populations,
and are thus not as susceptible to invasion. A large percent of wetland landcover may be
the least favorable for invasion if the majority of the wetlands are not invaded by
Phragmites (Mitsch and Gosselink 2000).
No studies to date have directly addressed the issue of Phragmites patch
characteristics and landcover type in Atlantic coastal watersheds. While Phragmites
invasion ecology is well studied at the organismal level, further research must scale-up to
make conclusions about the abundance and distribution of Phragmites populations
throughout the coastal landscape. Variation in nitrogen and growth measurements in
Phragmites patches should reflect patterns in land-use across Eastern Shore watersheds.
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Beyond the Eastern Shore, coastal watersheds with a high potential for N loading and
increased freshwater inflows should be the most vulnerable to Phragmites expansion. The
objectives of this study are to determine if differences among watershed landcover on the
VA Eastern Shore are related to nitrogen and growth parameters associated with
Phragmites.
The following manuscript describes my thesis research on Phragmites expansion
on the Eastern Shore of Virginia landscape. The manuscript has been written in the form
required by the journal Wetlands.

CHAPTER 2

Phragmites australis patch characteristics in relation to watershed landcover
patterns on the Eastern Shore of Virginia

Jeremy D. Fennell, Donald R. Young, and Edward R. Crawford1

Department of Biology
Virginia Commonwealth University
Richmond, VA 23284
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ABSTRACT: Phragmites australis is a perennial grass presently invading many
intertidal and freshwater wetlands throughout much of the Atlantic Coast of North
America. The spread of Phragmites into coastal wetlands is in part determined by
available freshwater and nutrients, especially nitrogen, within the watershed where
Phragmites populations occur. The Eastern Shore of Virginia is an intensive
agricultural area, and watershed landcover may play a major role in Phragmites
invasion. Forty-five Phragmites patches were sampled in eight VA Eastern Shore
mainland watersheds and on a barrier island. Regardless of watershed landcover
characteristics, there was little variation in Phragmites australis patch characteristics
along the oceanside of the entire Eastern Shore of Virginia. Phragmites is a generalist
with broad environmental tolerances. Thus, successful management and eradication
plans may have broad scale application for this invasive grass.
INTRODUCTION
Over the past century Atlantic coastal landscapes have changed drastically.
Among the causes of change are anthropogenic disturbances such as land clearing,
altered hydrology, eutrophication, and sedimentation, all of which can play a key role in
the propagation and dispersal of many invasive plant species (Kercher and Zedler 2004,
Bart et al. 2006). Development pressures are expected to remain steady throughout this
century for much of the east coast of North America, and invasive species could alter
coastal wetland biotic function, aesthetics, and recreational potential (Crooks 2002,
Ehrenfeld 2003). It is therefore critical to look at coastal wetlands from new
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perspectives, especially at the landscape-level, in order to discern which factors are
driving invasions.
One of the most persistent U.S. coastal invasives is Phragmites australis (Cav.)
Trin. ex Steud. (common reed), hereto after Phragmites (Marks et al. 1994).
Phragmites is a perennial wetland grass found in a variety of intertidal and freshwater
habitats of the Atlantic Coast (Chambers et al. 1999). Phragmites is also cosmopolitan,
with large populations on every continent except Antarctica (Vasquez et al. 2005).
Although Phragmites is native to the Atlantic coast of North America
(Niering et al. 1977, Orson 1999), an aggressive Eurasian genotype is presently
spreading throughout much of the Chesapeake Bay and Eastern Shore of Virginia as
well as other coastal areas including the Great Lakes region (Saltonstall 2002,
Thompson 2003, Welch et al. 2006). This invasive genotype may have wider salt
tolerance and a more aggressive growth habit than the native counterpart and, therefore,
maybe able to exploit its habitat more effectively (Saltonstall 2002, Vasquez et al. 2005,
League et al. 2006).
Gaps created by anthropogenic disturbance and natural events enable
Phragmites to displace native species (Marks et al. 1994, Burdick and Konisky 2003).
Seed viability is low, so colonization typically starts from rhizomes (Whijte and
Gallagher 1996, Bart and Hartman 2000, Bart et al. 2006). Phragmites populations then
expand by vegetative propagation throughout the coastal landscape often into areas with
higher edaphic stress, especially salinity and sulfides (Chambers 1997, Bart and
Hartman 2002). Once established, Phragmites successfully blocks out sunlight for
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native species, and a diverse wetland community becomes a Phragmites monoculture
(Marks et al. 1994, Minchinton et al. 2006).
At the landscape-level, Phragmites invasions move in linear patterns along
creek beds or roadways, from the marsh-upland interface into the interior marsh, or in
seemingly random directions from a central location (Windham 2001, Maheu-Giroux
and de Blois 2005, 2007, Bart et al. 2006). These invasion patterns in coastal areas
could be dictated by the availability of freshwater and nutrients within a given
watershed along the invasion route (Burdick and Konisky 2003). Commercial
agriculture, which is highly-dependent on fertilizer, or those practices which increase
impervious surfaces and associated freshwater runoff may enhance Phragmites invasion
(Pierzynski et al. 2000). Thus, it is important to consider the watershed landcover
characteristics within a landscape invaded by Phragmites. For example, the Eastern
Shore of Virginia is an intensive agricultural area, and with associated fertilizer
application, there is an increased potential for enhanced soil fertility for Phragmites
patches, especially in the form of NH4+ (Jordan et al. 1997, Pierzynski et al. 2000).
Additionally, N loading from coastal watersheds via groundwater, surface water, and
atmospheric inputs cause marine ecosystems, in part, to be more eutrified than many
terrestrial habitats (Valiela et al. 1997).
Only a few studies have linked Phragmites invasion with coastal development,
where vegetation clearing stimulates Phragmites growth by increasing freshwater and
nutrient inputs (Bertness et al. 2002, Minchinton and Bertness 2003, Silliman and
Bertness 2004). Landscape patterns of Phragmites invasions are not well understood.
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Invasion routes such as in roadside or agricultural ditches can act as corridors for
Phragmites to rapidly spread throughout a watershed along drainages and waterways
(Maheu-Giroux and deBlois 2005, 2007). Agriculture and other landcovers that
stimulate freshwater and nutrient infiltration into the soil could enhance Phragmites
expansion. Phragmites expansion may become unmanageable on the Eastern Shore of
Virginia if underlying causes and invasion patterns are not understood and managed on
a landscape-scale. No studies to date have directly addressed Phragmites patch
characteristics and landcover types in Atlantic coastal landscapes. The objectives of our
study were: 1) to discern if Phragmites environmental and patch characteristics differed
among watersheds on the Eastern Shore of Virginia 2) to quantify relationships among
watershed landcover characteristics 3) and to identify the driving factors behind
variation in Phragmites patches among watersheds. Connections established among
watershed landcover and Phragmites patch characteristics could serve to predict the
type of coastal watersheds where Phragmites will spread more aggressively or appear
for the first time.
METHODS
Study site
Sampling was conducted on the Eastern Shore, Virginia, which represents the
southern portion of the Delmarva Peninsula. The Eastern Shore of VA is approximately
100 km long, 5-20 km wide, and has a maximum elevation 12-15 m above sea level
(Stanhope 2003). Elevation peaks in the middle of the peninsula and water flows into
the Chesapeake Bay to the west and Atlantic Ocean to the east (Stanhope 2003). Soils
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are classified as predominately sandy with a high potential of water and nutrient
infiltration. The water table is shallow (3-30 m), and is underlain by the Columbia
aquifer from U.S. Route 13 east to the Atlantic Ocean (Gallagher et al. 2001). The
Eastern Shore has a relatively low-density of development, and is still primarily
agricultural. Wheat, soybean, corn, and tomatoes are the most important crops
(Stanhope 2003). Phragmites populations are common from the northern to southern
most extent of the Eastern Shore (VA DCR 2004).
Eight watersheds were delineated on the Eastern Shore ocean side: Assawoman,
Gargathy, Metompkin, Wachapreague, Quinby, Machipongo, Sand Shoal, and Smith
from north to south. Geographic Information System (GIS) analyses from the
University of Virginia (Porter 2005, unpublished data) provided the geographical
boundaries of the watersheds and their subwatersheds, but also percent and area of each
landcover type in the watershed (Figure 1). The landcover types used were: developed,
cropland, upland forest including scrub/shrub, palustrine forest, and estuarine emergent
wetland. Phragmites populations existed primarily in estuarine emergent wetlands and
palustrine forest landcovers.
Phragmites populations
Eastern Shore Phragmites patches were located via aerial and ground surveys,
and their sizes were calculated and put into a GIS shapefile (VA DCR 2004). This
information, provided by the Virginia Department of Conservation and Recreation,
helped locate potential study sites. Phragmites patches on the Eastern Shore occurred
in a variety of locations including down slope of agricultural fields, along tidal creeks,
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in roadside ditches, and in seemingly isolated forested areas in freshwater drainages.
Based on rapid patch expansion observed in aerial photographs, the lack of confirmed
haplotype F patches near the study site (Saltonstall 2002), and morphometric
characteristics of existing patches (Crawford 2005, unpublished data), all Phragmites
patches were considered to be the invasive haplotype M.
Patches were sampled during the 2006 growing season. Five patches of
Phragmites were selected in each of the eight mainland watersheds. Sampled patches
were located within tidal creeks or in other drainage types, which facilitated freshwater
inflow into the Phragmites patches. Another five patches were sampled on Hog Island,
which is a barrier island located approximately 8 km offshore of the VA Eastern Shore.
Hog Island was selected as a reference because it was undeveloped and assumed to have
trace anthropogenically-derived surface or groundwater N inputs.
Soil chlorides, a known limiting factor in Phragmites growth and expansion
(Fogli et al. 2002), were measured by collecting three soil samples on all dates from
each site. Samples were removed from the soil with a hand auger to a depth of 20 cm,
and ≈ 200 g was placed in a soil bag. Samples were dried at 105oC for 48 h, and 40 g
sub-samples were analyzed for salinity. A 1:5 ratio mixture (weight/volume) of soil to
deionized water, with 5 M NaNO3 to extract chloride ions, was created. Salinity of each
sample was determined with a chloride specific ion electrode (9617-B, Orion, Boston,
MA). From the same soil samples pH was analyzed to assess variation among
watersheds. A 1:1 soil to deionized water mixture (w/v) was made. After sitting 30
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minutes, pH from the mixtures was determined with a pH electrode (HI 9025, Hanna,
Woonsocket, RI).
Tissue chlorides were measured at peak biomass to discern if chlorides present
in the tissues related to the amount of soil chlorides found at the site, and if tissue
chlorides also limited Phragmites growth. A portion of stem and leaf tissue was
subsampled from dried aboveground biomass samples. The tissues were ground up in a
Wiley mill (#23863, Thomas Scientific, Markam, ON) and measured using hot water
extraction (Young et al. 1994). Approximately 0.4 g of ground leaf material was put in
a 50 mL tube with 25 mL deionized water. The tubes were placed in a boiling water
bath for 1 h, cooled, and the samples were filtered into 50 mL volumetric flasks and
brought to volume. Chloride levels were determined by a chloride specific ion
electrode (9617-B, Orion, Boston, MA) and ionic buffer as described above.
Pore water was examined for ammonium (NH4+), which represents available N
in reduced coastal soils (Mendelssohn 1979). NH4+ concentrations were determined
using standard colormetric procedures (Bart and Hartman 2002). Pore water at each
patch was extracted by coring three holes and allowing them to fill with pore water.
Approximately 18 mL of pore water was then extracted using a plastic tube attached to
hand pump and placed into a 20 mL HDPE sealable bottles, put immediately on ice, and
frozen in the lab at -15oC. Samples were thawed for 3 h before analysis. An
indophenol reagent mixture fixed the samples and they were then kept in the dark for 1
h to allow color to develop. Absorbance was measured with a Perkin-Elmer Lambda
Spectrophotometer set to 640 nm. Percent nitrogen in the stems and leaves was also
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determined for selected watersheds by grinding up 2-5 g of tissue placed into PerkinElmer CHNS/O 2400 Analyzer.
Variation among Phragmites populations could indicate variation in edaphic
conditions, and thus a number of growth and environmental measurements were taken
at least once during the growing season. The Phragmites growing season is
characterized by three distinct periods: late spring (mid-exponential growth), midsummer (peak growth), and late-summer (peak biomass). Sampling was conducted in
each of the three growth periods to ascertain not only variability among watersheds, but
also variation throughout the growing season. The location of each patch was
determined via handheld Trimble GeoExplorer CE Series GPS unit.
At peak biomass, three 0.5 m2 plots were established in the middle of each
stand, where a number of growth measurements were taken. Within each plot, the
height of the tallest stem and stem density were measured. Aboveground stems were
then cut at the ground from a subplot of 0.25 m2 to assess aboveground biomass (g dry
weight m-2). The sample was placed in a drying oven at 80 oC for 5 days and then
weighed. With the aboveground samples, internode length was measured for 3 stems
per site. At peak growth, litter depth (soil surface to the top of the litter) was
determined, which is an indication of both the productivity of a particular Phragmites
patch and its potential to inhibit competing seedlings by blocking out sunlight.
Statistics
One-Factor ANOVA and Bonferroni Post-Hoc testing determined significant
differences in the edaphic and plant parameters among watersheds. Simple linear and
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multiple regression quantified relationships among plant growth parameters, tissue
chlorides, and the other environmental parameters. Principal components analysis
(PCA) identified the most important gradients causing variation in watersheds (McCune
and Grace 2002). The variables of watershed size (ha) and watershed landcover types
(ha), including developed, cropland, forested/shrub, palustrine forest, and estuarine
emergent wetland, were reduced to a substantially smaller dimensional space by finding
a best fit line that passed through the center of the watershed data. Canonical
correspondence analysis (CCA) compared Phragmites growth parameters (aboveground
biomass, height, stem density, litter depth, and internode length) to patch environmental
variables (soil chlorides, soil pH, and pore water NH4+) to find important environmental
drivers. A second CCA compared the same Phragmites growth parameters to the
watershed landcover characteristics. Statistical analyses were conducted using SPSS
14.0 (SPSS, Inc. 2005) and PC-ORD, Version 4 (MjM Software Design 1999).
RESULTS
Phragmites patches sampled for this study were representative of the size
distribution of Phragmites patches for the entire Eastern Shore (Figure 2). Sampled
patches were found in a wide-range of edaphic conditions and locations along the
Eastern Shore of Virginia. Non-tidal habitats including roadside ditches, ponds,
riparian buffers, landfills, and along overpasses were invaded by Phragmites, as well as
tidal estuarine marshes and creeks. However, despite Phragmites occurrence in every
watershed and on many of the Virginia barrier islands including Hog Island (VA DCR
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2004), with the exception of patch size, Phragmites patch characteristics in this study
were nearly uniform along the Eastern Shore landscape.
Environmental factors
Each environmental and growth parameter measured significantly differed (P<
0.05) among watersheds. Phragmites soil chlorides varied (P<0.001, df=8,126,
F=7.68); with the highest concentration at Gargathy watershed, 1226 + 177 ppm (Figure
3). Tissue chlorides were significantly different (P=0.007, df=8,126, F=2.8) as well,
Wachapreague was the highest, 48 + 3 ppm (Figure 3). Pore water ammonium (NH4+)
varied among watersheds (P=0.001, df=8,126, F=3.78), and was greatest in Quinby, 30
+ 4 µM (Figure 3). Phragmites stem and leaf tissues contained 1.72-10.39% N, though
statistics were not run on the preliminary C:N analysis,. Soil pH was stable among
watersheds (5.5-6.2 pH), except Hog Island, pH 8.3 + 1.6 (P<0.001, df = 8,126,
F=35.98).
In order to understand relationships among mainland watersheds, landcover
characteristics were ordinated (Table 1, Figure 4). PCA axis 1 explained 67% of the
variation in the watersheds, while PCA axis 2 explained 24% (Figure 4). Linear
regression showed that watershed size was linked to the variation in watersheds, with
size explaining 66% of the variation in the PCA axis 1 (P=0.014, df=1,6, F=11.6).
Watersheds with the lowest and highest landcover (% of watershed) were as follows:
developed area was 2% of Sand Shoal to 7% of Quinby, cropland was 21% of
Machipongo to 44% of Smith, forested area was 27% of Gargathy to 50% of
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Machipongo, and estuarine emergent wetlands represented 1% of Smith to 4% of
Assawoman. Machipongo was the largest watershed and Quinby was the smallest.
Patch characteristics
Patch growth parameters also varied along the Eastern Shore watersheds.
Height significantly differed (P<0.001, df=8,126, F=4.99), as did aboveground biomass
(P=0.002, df=8,126, F=3.36) among watersheds (Figure 5). Yet, the significant
differences were limited to two or three of the nine watersheds. Phragmites lowest
height and biomass were, 2.7 + 0.1 m and 747.7 + 47.4 g m-2 respectively, at
Wachapreague, whereas Assawoman had the greatest height and aboveground biomass
(3.6 + 0.1 m and 1414.9 + 193.3 g m-2 , respectively) (Figure 5). Average height and
biomass across all watersheds was 3.2 + 0.1 and 1182.3 + 116.1, respectively. Litter
depth at Quinby was significantly higher compared to other watersheds (P<0.001,
df=8,126, F=5.09), at 12 + 2 cm (Figure 5). For the other eight watersheds, the litter
depth varied from 2 to 6 cm. Stem density and internode length were also significantly
different among watersheds (P<0.001, df=8,126, F=7.59, P=0.02, df 8,126, F=2.39,
respectively), although differences were limited to three watersheds. Hog Island had
the highest stem density 149.2 + 6.4 m2 and internode length was highest at Quinby,
13.3 + 1.6 cm (Figure 5). Average stem density and internode length for all watersheds
was 28.6 + 1.4 and 12.0 + 2.8, respectively.
Environmental influence on Phragmites populations
Phragmites patch growth characteristics were explained in some cases by the
environmental parameters among all watersheds. Soil pH explained more variation in
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stem density and height than the other environmental variables, but NH4+ also
explained litter depth (Table 2). Not every regression was statistically significant,
indicating that many complex interacting factors determined variation in the Phragmites
patches. A multiple regression was run to discern which factors were causing the
variation in aboveground biomass. The resulting regression equation was:
Aboveground biomass = 448.5+ 7.1*stem density + 253.7*height-106.7*Soil pH 0.1*Soil Chlorides-4.7*Tissue Chlorides.
with R2=0.398, P<0.001, df 5,129, F=17.04.
Canonical correspondence analysis (CCA) explained a substantial proportion of
the variation in Phragmites growth parameters with the environmental variables. CCA
axis 1 explained 46% of the variance, and CCA axis 2 explained 16%. NH4+ was the
major environmental factor for Quinby watershed (Figure 6). CCA related watershed
characteristics to growth parameters as well, with 69% of the variation explained in
CCA Axis 1 and 16% in Axis 2. Important landcovers were percent developed in the
direction of the Quinby watershed and percent estuarine emergent wetland for Gargathy
(Figure 7).
DISCUSSION
An aggressive genotype of Phragmites australis is invading many Atlantic
coastal marshes in North America (Saltonstall 2002, Bart et al. 2006). Phragmites
ability to exploit vegetation gaps, withstand harsh edaphic conditions, and rapidly grow
and exclude native species such as Spartina spp., make its presence problematic on the
Eastern Shore of Virginia (Meyerson et al. 2000). Several plant species presently
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invade Atlantic coastal wetlands (Bertness et al. 2002), but few have the competitive
exclusion capabilities of Phragmites (Farnsworth and Meyerson 2003). Large-scale
studies, such as ours, are therefore necessary to find patterns that help explain the
Phragmites invasion.
Salinity is a major stressor of coastal Phragmites populations (Chambers 1997,
Burdick and Konisky 2003). However, at our sample sites soil chlorides were well
within Phragmites salt tolerance (Meyerson et al. 2000). All Eastern Shore mainland
patches sampled existed in freshwater or oligohaline estuarine marshes at 0 ppt-5 ppt
salinity, rather than in mesohaline marshes (5 -18 ppt), where Phragmites also routinely
occurs on the Atlantic Coast (Chambers et al. 1999, Mitsch and Gosselink 2000). This
indicates that growth was not inhibited because of insufficient freshwater or drainage
(Wijte and Gallagher 1996, Burdick et al. 2001). It is not until 18 ppt salinity that
Phragmites is significantly hindered, with the most sensitive time during rhizome
establishment (Wijte and Gallagher 1996, Chambers et al. 1999, Meyerson et al. 2000,
Bart and Hartman 2002, 2003).
Chlorides, which are indicative of soil salinity (Chambers et al. 1998), explained
some variation in growth parameters, especially aboveground biomass and stem density
among Eastern Shore watersheds. For instance, Assawoman and Hog Island had
relatively low soil and tissue chlorides, and higher aboveground biomass, stem density,
and height over the other watersheds, whereas Metompkin and Wachapreague had
relatively high soil and tissue chlorides and nearly the lowest growth measurements in
all categories. Our data further support studies that found stunted growth, interrupted
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cellular function and nutrient uptake, and mortality of Phragmites associated with high
soil chlorides and sulfides ( Bart and Hartman 2000, Bart et al. 2006).
Eastern Shore Phragmites populations sampled were not significantly hindered
by salinity, and thus nutrients were absorbed efficiently (Chambers 1997, Mendelssohn
et al. 1979). Increased nitrogen (N) can give Phragmites an advantage over many
Atlantic Coast competitors (e.g. Typha spp. and Spartina spp.). Phragmites generally
has a higher aboveground and belowground biomass, standing stock N, and contributes
more energy stores aboveground when increased N is available (Meyerson et al. 2000,
Windham 2001, Minchinton and Bertness 2003). Although NH4+ did not adequately
explain all of the growth parameters in simple linear regression, CCA showed that pore
water NH4+ was the important factor in organizing Phragmites patches in the Quinby
watershed. Furthermore, %N in tissues ranged from 1.72-10.39 %, and while not all
watersheds were sampled, preliminary evidence showed that N was stored in the stems
and leaves. This indicated the NH4+ was absorbed by the plants, and therefore the
competitive effects of Na+ ions on root binding sites was not a factor (Chambers 1997).
Regression analysis for aboveground biomass indicated that many factors
explained patch characteristics. Also, despite little variation among most watersheds,
growth parameters themselves could be used to explain the variation in biomass. The
CCA organized Phragmites populations in the watersheds by NH4+, but at the
landscape-scale more field seasons are needed to assess variation in measurements over
time. Additionally, our study did not address such characteristics as nitrogen inputs into
soils adjacent to Phragmites patches, especially in agricultural fields. More thorough
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data on immediately surrounding landcover and soil characteristics may be needed to
uncover patterns in growth parameters among sites. The CCA, which ordinated
watershed landcover to growth parameters, revealed that developed and estuarine
emergent landcovers separated the watersheds. This in part showed that Phragmites
growth was strong in watersheds with ample estuarine habitat for it to grow. Also,
landcover data effectively separated watersheds in our PCA. However, the landcover
data may have been at too large a scale to directly relate to Phragmites growth
characteristics among and within sites.
Phragmites is a generalist whose rapid expansion into many intertidal and
freshwater coastal wetlands is driven by anthropogenic and natural disturbances
(Chambers et al. 1999, Bart et al. 2006). Despite differences in landcover classes and
several environmental factors among the Eastern Shore of Virginia watersheds, there
was relatively little variation among Phragmites patch characteristics. This may
indicate that Phragmites maintains a broad tolerance across the range of environmental
conditions sampled or that on a smaller scale the established patches occur in favorable
sites within each watershed. For example, Phragmites populations sampled in this
study were on earthen mounds built to resist storm surge for waterfront properties and
farmland. The increased elevation not only enhanced drainage and decreased the
chance for salt infiltration, but also the creation of the mounds removed vegetation
(Burdick et al. 2001, Burdick and Konisky 2003). The similarity in patch
characteristics across the Eastern Shore landscape may indicate that successful
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Phragmites management plans developed at the local or small scale may have broad
applications for use in coastal environments.
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Table 1. Important Eastern Shore mainland watershed characteristics. Lancover
categories were synthesized from Porter (2005, unpublished data). Units are hectares
(ha).
______________________________________________________________________
Watershed
Developed Cropland Upland Forest Palustrine
Estuarine
/Shrub

Forest

Emergent Wetland

Assawoman

79.3

1179.0

1172.4

62.7

150.2

Gargathy

10.1

763

516.0

20.1

99.1

Metompkin

170.5

2496.9

2241.6

84.3

130.6

Wachapreague

148.4

1727.5

2283.8

64.9

26.3

Quinby

36.8

173.5

154.6

6.7

7.6

Machipongo

323.1

2162.1

5031.5

218.9

145.9

Sand Shoal

97.7

2027.2

1913.4

75.8

29.5

Smith

95.9

838.5

581.7

14.5

10.2
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Table 2. Relationships between Phragmites patch and environmental variables
according to the ANOVA of the regression. Data are F ratios, (*) P<0.05, (**)
P<0.001.

Parameter

Aboveground
Biomass

Stem
Density

Litter
Depth

Internode
Length

Height

Tissue
Chlorides

Soil Chl.

8.32*

5.27*

0.25

2.74

3.43

5.7*

NH4+

<0.01

0.12

8.5**

0.01

<0.01

0.08

Soil pH

1.18

20.51**

0.57

0.07

14.86**

3.46
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FIGURE LEGENDS
Figure 1. Eastern Shore of Virginia with Phragmites patches, sites (green triangles),
and major Seaside watersheds shown, from Porter (unpublished data 2005).

Figure 2. Distribution of Phragmites patch sizes (ha) on the seaside of Eastern Shore
including the VA barrier islands, and our study sites, whose distribution were
representative in size of all Phragmites patches (VA DCR 2004).

Figure 3. Important environmental factors effecting Phragmites patch growth and
distribution. Bars are watershed means + 1 SE. Watersheds with unlike letters were
significantly different according to the Bonferonni multiple comparisons test.

Figure 4. Principal components analysis (PCA) of watershed landcover types:
developed, cropland, upland forest/shrub, palustrine forest, and estuarine emergent
wetland.

Figure 5. Phragmites patch characteristics among the eight Eastern Shore mainland
watersheds and Hog Island during the 2006 growing season. Bars are watershed means
with errors + 1 SE. Different letters represent variation among the watershed
populations according to Bonferonni multiple comparison test (P<0.05). Note that
internode length (cm) significantly differed among watersheds.

35

Figure 6. Canonical correspondence analysis (CCA) relating Phragmites environmental
parameters (pH, NH4+, soil chlorides) to patch characteristics.

Figure 7. Canonical correspondence analysis (CCA) relating Phragmites patch
characteristics to percent watershed that was each landcover including: cropland,
developed, estuarine emergent wetland, forested/shrub.
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Appendix A. Phragmites study sites sampled along
the Eastern Shore of Virginia, USA. Coordinates
represent latitude and longitude of patch.

Assawoman

Gargathy

Metompkin

Wachapreague

Quinby

Machipongo

Sand Shoal

37.8432
37.8431
37.8459
37.8323
37.8282
37.7982
37.8113
37.8096
37.8077
37.7828
37.7518
37.7519
37.7523
37.7311
37.7345
37.6736
37.6644
37.6657
37.6448
37.6343
37.5488
37.5409
37.5369
37.5291
37.5138
37.5039
37.5006
37.4969
37.4217
37.4142
37.3292
37.3315
37.3262
37.3019
37.2988

-75.5181
-75.5182
-75.5237
-75.5217
-75.5263
-75.5452
-75.5398
-75.5423
-75.5455
-75.5621
-75.5772
-75.5826
-75.5795
-75.5918
-75.5911
-75.6308
-75.6381
-75.6587
-75.6567
-75.6645
-75.7306
-75.7387
-75.7413
-75.7471
-75.7604
-75.8094
-75.8151
-75.8060
-75.8613
-75.8657
-75.9088
-75.9109
-75.9108
-75.9192
-75.9241
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Appendix A. continued
Smith

Hog Island

37.1790
37.1638
37.1569
37.1539
37.1550
37.4582
37.4573
37.4557
37.4548
37.4535

-75.9450
-75.9482
-75.9471
-75.9466
-75.9502
-75.6654
-75.6642
-75.6641
-75.6639
-75.6645
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