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CHAPTER 1: WETLAND LITERATURE REVIEW
AND SITE SELECTION

INTRODUCTION

Freshwater forested wetland losses across the contiguous United States totaled
approximately 256,166 ha (633,000 acres) during the five years from 2004 to 2009
(Dahl 2011). Between 1780 and 1980 the contiguous U.S. lost 53% of its wetlands and
Virginia specifically lost 42% (Dahl 1990). Unregulated draining, dredging, and filling
to transform wetlands into uplands continued until the 1970’s. The 1948 Federal Water
Pollution Control Act (33 United States Code, U.S.C. 1251), with amendments in 1972
and 1977 (and in 1977 renamed the Clean Water Act) regulated the use of United States
waters. Specifically for wetlands, Section 404 of the 1977 Clean Water Act requires a
permit for impacts to wetlands and between 1986 and 1997, annual wetland acreage
losses were reduced by 80% (Dahl 2000). The “SwampBuster” provisions of the 1985
Food Security Act (16 U.S.C. 3801-3862) removed some federal benefits for farmers
who destroy wetlands for agriculture. Stedman and Dahl (2008) documented a 0.2% net
gain in the area of wetlands in the contiguous U.S.; however, these gains were largely
due to increased area of freshwater ponds which are not considered wetlands according
to the United States Fish and Wildlife Service classification system (Cowardin et al.
1979).
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Permitting procedures under Section 404 of the Clean Water Act require
mitigation of wetland impacts and compensation for losses. Compensation for wetland
losses may be achieved by several methods, including the creation of new wetlands.
Compensation also requires compliance monitoring of the mitigation site for up to 10
years post construction with compliance assessments typically occurring in years 1, 2,
3, 5, 7, and 10. Compliance monitoring for forested wetlands compensation may include
stem density ≥990 stems per ha (VADEQ 2004), ≥50% relative dominance of
hydrophytic plant species, average annual height growth ≥10% per tree (VADEQ 2010),
average tree height ≥305 cm (10 feet) after 10 years, and ≥30% canopy closure
(VADEQ 2004) at any point during monitoring. Environmental conditions of created
wetlands can have a large influence on the development of plant communities in general
(Atkinson et al. 2005) and tree growth in specific (Casanova and Brock 2000; Ashworth
et al. 2006). The purpose of this study is to quantify environmental conditions and
develop predictive models for the growth of seven tree species and three stock types in
created wetlands of the Piedmont region of Virginia.

LITERATURE REVIEW

Wetlands
Wetlands exhibit unique structure and function and so provide ecosystem
services that are highly valued by society. Wetlands are distinguished from upland areas
by the presence of positive indicators of hydrology, hydric soils, and hydrophytic
vegetation as set forth by the US Army Corps of Engineers (Environmental Laboratory
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1987). Saturation of the upper 30.5 cm (12 inches) of the soil for greater than 5% of the
growing season (2 consecutive weeks at the study area) is a positive hydrology
indicator. Positive indicators of hydric soils include low soil chroma, a sulfidic odor,
and presence of certain organic accumulations among other redoximorphic features. A
positive indicator of hydrophytic vegetation includes greater than 50% dominance by
hydrophytic plant species (species having documented adaptations to anaerobic soil
conditions and being assigned an indicator status of facultative, facultative wetland, or
obligate wetland species according to the US Army Corp of Engineers 2012 National
Wetland Plant List (Lichvar 2013)). A wetland delineation documenting positive
indicators of all three parameters will result in an area being considered a wetland
according to the US Army Corps of Engineers (Environmental Laboratory 1987).

Indicator status of plants is assigned based on the probability of occurrence in
wetlands (Reed 1988). There are five categories, three of which are considered to be
hydrophytic including: obligate (Obl or 1) species (>99% occurrence rate in wetlands),
facultative wetland (FacWet or 2) species (67-99% occurrence rate in wetlands), and
facultative (Fac or 3) species (34-66% occurrence rate in wetlands). The non-wetland
plant categories are: facultative upland (FacUp or 4) species (1-33% occurrence rate in
wetlands) and upland (Up or 5) species (<1% occurrence rate in wetlands). While
facultative upland and upland species have a chance to be found in wetlands, since they
are not found there a majority of the time they are not considered hydrophytic.
Averaging of indicator statuses of all plant species based on their prevalence and
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weighted by their dominance in the wetland is a metric called weighted average; a
weighted average below 3.0 is a positive indicator of hydrophytic vegetation.

The National Research Council (NRC 1995) defines wetland function broadly as
all processes and manifestations of processes that occur in wetlands. Some
biogeochemical functions include the cycling, transformation, and removal of nutrients
(NRC 1995; Smith et al. 1995); long-term surface water storage; and the accumulation
and retention of sediments (Smith et al. 1995; Cole 2002). Wetland ecosystem services,
which are supported by natural wetland functions, include the maintenance of
biodiversity, recycling and the removal of nutrients, abatement of flood effects,
sequestration of carbon, and the minimization of erosion. The amount of plant coverage
in a wetland, and the prevalence of their associated microorganisms, is related to the
ability of a wetland to remove sediments and nutrients (Smith et al. 1995; Kadlec and
Knight 1996). The pathway water takes in leaving a wetland, including groundwater
outflow, surface water outflow, and evapotranspiration, further influences functional
performance (Mitsch and Gosselink 2000; Cole 2002).

While there are many types of wetlands, forested wetlands (characterized by
more than 50% coverage by woody vegetation over 6 m tall) are common in the eastern
United States (Cowardin et al. 1979). Major functions of forested wetlands are
transformation and retention of nutrients (Craft and Casey 2000), storage and cycling of
carbon, and the retention of sediments (Noble et al. 2011).
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Wetland Mitigation
Wetland impacts are regulated by permits issued by the U.S. Army Corp of
Engineers under provisions set forth in section 404 of the Clean Water Act. In order to
receive a permit an applicant must mitigate impacts in a sequence that consist of
avoiding impacts, minimizing unavoidable impacts, and compensating for remaining
unavoidable impacts. Compensation can include preservation of wetlands elsewhere,
enhancement of existing wetlands, restoration of wetlands that were previously
impacted, and creation of new wetlands. The choice of compensatory method influences
the acreage of compensation required. Wetland creation or restoration requires 2:1,
which is the lowest ratio available. One mechanism for wetland compensation involves
the purchasing of credits in a “mitigation bank”. These areas are larger in size and may
afford compensation for several permitted impacts at the same location. Mitigation
banks must be constructed prior to being utilized for compensation and must to be
monitored for 10 or even up to 20 years (33 CFR 332.6).

The success of wetland mitigation efforts can be difficult to quantify due to
issues of wetland structure and its relation to function. Performance standards are not all
necessary for an individual project as they are determined on a per project basis
(USACE-USEPA 2008). Also most performance standards used in compliance
monitoring are measures of wetland structure and not of function (Wilson and Mitsch
1996; Streever 1999). Compensation compliance measurements such as stems per
hectare and tree height are structural components of wetlands that may not correlate
with functional attributes of wetlands (Simenstad and Thom 1996). The NRC (2001)
documented that ~50% of sites surveyed failed to reach performance standards meaning
5

that current mitigation compliance does not equal the creation of wetland functions.
This conclusion, that fulfilling mitigation requirements does not create function, had
been previously written by Wilson and Mitsch (1996) while looking at created wetlands
ecological versus permitting success in Ohio. For forested wetlands specifically
performance standards are poorly established (Streever 1999) which has been attributed
to limited information on growth rates of planted trees in created wetlands (Pennington
and Walters 2006). Forested wetland creation sites that do not replace function can
cause poor survival of planted trees (Burdett 1990) and could also result in inadequate
recruitment of natural flora from surrounding seed sources (Spieles 2005).

Created Forested Wetlands
Successful replacement of some created wetland functions requires
establishment of suitable environmental conditions which may have to develop over
time and can delay functional development of the wetland. Soil description (bulk
density and organic matter) of a created wetland site can help in restoration efforts by
allowing quantification of changes in soil over time towards a more natural system
(Daniels and Whittecar 2011). Organic matter content and soil nutrient availability can
be lower in created wetlands in which soil amendments were not applied (BishelMachung et al. 1996); soil organic matter content can affect soil functions and redox
potential (Atkinson and Cairns 1993). Vegetation can also change over time as the soil
conditions gradually change to be more similar to those of natural wetlands, which may
require more than twenty years to reach equilibrium (Atkinson et al. 2005).
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Tree Establishment
Forested wetland creation requires the establishment of trees and current
wetland compensation compliance standards require that trees need to be established at
a density of 990 stems per hectare (VADEQ 2004). The establishment of trees in
created wetlands has been found to be a difficult task in wetland creation (Gamble and
Mitsch 2005; Sharitz et al. 2006; Matthews and Endress 2008). Trees can be planted in
several ways; including the spreading of seeds, planting of live-stakes (in which
willows and dogwoods are some of the best candidate species (Hunolt et al. 2013)),
planting live plants which lack soil (bare root seedlings), and plants that are grown in
small or large soil containers. Containerized plants have been found to survive at higher
rates than bare root plants (Jones and Sharitz 1998; Shaw et al. 2003; Dey et al. 2004;
South et al. 2005); therefore, containerized plants could reduce the need for repeated
planting. Newly planted trees can lack the necessary root structures to survive the stress
caused by lack of sufficient water (Kozlowski and Davies 1975).

The selection of trees which can grow better in the environmental conditions
present at the site is also important in ensuring compliance (Rietveld 1989; Pezeshki et
al. 1998; Spencer et al. 2001; Stanturf et al. 2004;Henderson et al. 2009). Soil
compaction, organic content, bulk density, and particle size can have strong effects on
how easily trees establish in created wetlands (Campell et al. 2002; Daniels et al.
2005;Bailey et al. 2007). Primary successional species of trees can be more successful
than secondary successional species when planting at the time of site creation
(Henderson et al. 2009). Primary successional trees such as Betula nigra (River Birch)
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(Mitsch 1991), Liquidambar styraciflua (Sweetgum) (Bormann 1953; Streng et al.
1989; Silberhorn 1992; Jones et al. 1994; Gamble and Mitsch 2005), Platanus
occidentalis (American Sycamore) (Mitsch 1991; Twedt and Wilson 2002;Gamble and
Mitsch 2005), and certain Salix species (Willow species) (McLeod et al. 1986; Donovan
et al. 1988; Mitsch 1991; Gamble and Mitsch 2005; Rodriguez-Gonzalez et al. 2010)
had better growth than other species in sites with more soil saturation. Secondary
successional species such as Quercus species (Oak species) were found to grow at a
slower rate in sites with soil saturation (Anderson and Pezeshki 1999; McLeod et al.
2001;Dey et al. 2004).

Primary Successional Trees
Betula nigra L. (River Birch)
Betula nigra naturally occurs in the Southeastern United States along alluvial
streambank soils with only moderate adaptations to flooding (Burns and Honkala 1990).
Betula nigra has a wetland indicator status of a facultative wetland species (Lichvar
2013). Betula nigra is naturally found along species such as Nyssa (Gums) and Ulmus
(Elms) that are common to palustrine forested broad-leaf deciduous wetlands (Cowardin
et al. 1979; Burns and Honkala 1990). Wolfe et al. (1977) documented that B. nigra is a
pioneer species on alluvial deposits and grows better in soils that maintain soil moisture
near field capacity over the entire year. In a study in the Virginia coastal plain, Parsons
and Ware (1982) documented that B. nigra occurred at greater abundance than other
trees in soils with lower concentrations of the nitrate form of nitrogen. Turner et al.
(2004) documented a significant negative correlation between the occurrence of B.
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nigra in floodplains and soil texture with higher occurrence on sandy soils. This study
into tree occurrence along rivers in Wisconsin also noted that B. nigra naturally occurs
at higher abundance on soils that are less frequently flooded.

Liquidambar styraciflua L. (Sweetgum)
Liquidambar styraciflua is naturally found in the Southeastern United States
where it occurs on moist alluvial clay/loam soils but can remain competitive on a wide
range of soil conditions (Burns and Honkala 1990). Liquidambar styraciflua has a
wetland indicator status of a facultative species (Lichvar 2013). Liquidambar
styraciflua occurs alongside many tree species including Fagus (Beech), Quercus,
Pinus (Pine), Salix, and Ulmus species (Cowardin et al. 1979; Burns and Honkala
1990). Parsons and Ware (1982) documented that Virginia coastal plain sites which
were frequently and deeply inundated in the winter yet dry in the summer had higher
density of L. styraciflua than other sites. The same study noted that L. styraciflua
exhibited greater relative frequency in sites with lower levels of nitrate.

Platanus occidentalis L. (American Sycamore)
Platanus occidentalis has been documented in almost all states east of the Great
Plains where it is naturally found on alluvial streambank soils (Burns and Honkala
1990). The tree is tolerant of saturated soil yet intolerant of flooding and is found all
along streams in Virginia (Hupp 1986); it can grow on upland old-field sites can be
outcompeted there (Burns and Honkala 1990). Platanus occidentalis has a wetland
indicator status of a facultative wetland species (Lichvar 2013). Platanus occidentalis is
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commonly found in pure stands in the southern U.S. but can also be associated with
palustrine broad-leaf scrub-shrub species such as Acer (Maples) and Salix (Cowardin et
al. 1979; Burns and Honkala 1990). Dhillon (1978) studied P. occidentalis seedlings
harvested in Virginia and found that these seedlings grew better in moderate to low
ammonium phosphate concentrations.

Salix nigra Marshall (Black Willow)
Salix nigra is naturally found in all states east of the Great Plains where it grows
extensively in soils that are continually saturated (Burns and Honkala 1990; Pezeshki et
al. 2007). Salix nigra is adapted to slightly heavier soils (those with more clay) and is
not damaged by flooding, allowing it to dominate the tree stratum along streams (Burns
and Honkala 1990). Salix nigra has a wetland indicator status of an obligate wetland
species (Lichvar 2013) and is found along lower order streams in Virginia (Hupp 1986).
Salix nigra can dominate and occurs in pure stands along riverbanks and on
depositional bars (Osterkamp and Hupp 1984), it is also associated alongside palustrine
broad-leaf scrub-shrub and forested wetland species such as Acer, Cephalanthus
occidentalis (Buttonbush), Nyssa, P. occidentalis, and Taxodium distichum
(Baldcypress) (Cowardin et al. 1979; Burns and Honkala 1990). A study of Virginia
upper coastal plain wetlands by Spencer et al. (2004) documented that S. nigra formed
the dominant plant community in younger successional sites.
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Secondary Successional Trees
Quercus bicolor Willd. (Swamp White Oak)
Quercus bicolor can be naturally found along the northern Ohio River valley
into the Northeastern United States where it grows best in alluvial and mineral soils that
are poorly drained (Burns and Honkala 1990). Quercus bicolor has a wetland indicator
status of a facultative wetland species (Lichvar 2013). Quercus bicolor naturally occurs
in palustrine broad-leaf deciduous forested wetlands alongside Fraxinus (Ashes), Nyssa,
other Quercus, and Ulmus (Cowardin et al. 1979; Burns and Honkala 1990). Turner et
al. (2004) documented a significant negative correlation between soil pH and cation
concentrations and occurrence in floodplains. Turner et al. (2004) also documented that
Q. bicolor occurs more often in older forests than new forests. A study by Buckstrup
and Bassuk (2000) documented no difference in growth between bare root and balledand-burlapped seedlings within two years of planting.

Quercus palustris Münchh. (Pin Oak)
Quercus palustris, similarly to Q. bicolor, naturally occurs along the Ohio River
valley and into the Mid-Atlantic and Northeastern United States (Burns and Honkala
1990). Unlike Q. bicolor, it requires soils that are slightly more drained and cannot
grow where flooding persists into the growing season. Quercus palustris has a wetland
indicator status of a facultative wetland species (Lichvar 2013). Quercus palustris
occurs in bottomlands associated with L. styraciflua and is also a component of
palustrine broad-leaf deciduous forested wetlands with Nyssa, other Quercus, and
Ulmus (Burns and Honkala 1990; Cowardin et al. 1979). Increased inputs of
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ammonium nitrate were found by Wright and Hale (1982) to have minimal positive
effects on Q. palustris shoot and trunk growth.

Quercus phellos L. (Willow Oak)
Quercus phellos is found naturally along the east coast and throughout the
southern United States where it grows best in deep medium textured moist alluvial soils
with little compaction (Burns and Honkala 1990). Quercus phellos has a wetland
indicator status of a facultative species (Lichvar 2013). Quercus phellos occurs with
several tree species found in Palustrine broad-leaf deciduous scrub-shrub and forested
wetlands including Acer, L. styraciflua, and other Quercus (Cowardin et al. 1979; Burns
and Honkala 1990). Parsons and Ware (1982) documented that VA coastal plains sites
which were frequently and deeply inundated in the winter yet dry in the summer had
higher numbers of Q. phellos than other sites and that Q. phellos occurred at higher
relative abundance in sites with lower nitrate levels (as noted for L. styraciflua).

Environmental Conditions of Created Wetlands
The physical conditions at a created wetland site can have a large effect on the
growth of tree planted there. The bulk density of the soil can hinder the establishment of
trees and has been observed as being higher at created wetlands than natural wetlands
(Fajardo 2006). Higher levels of organic matter can indicate higher function and
productivity in wetlands and can be one of the most important parameters in determine
wetland soil health (Bruland and Richardson 2004). Organic matter accumulations in
created wetlands tends to be lower than documented in natural wetlands (Bishel-
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Machung et al. 1996; Fajardo 2006; Giese and Flannagan 2006; and Gutrich et al.
2008); however, organic matter accumulations at the soil surface have been reported to
be higher in created versus similar natural wetlands in some 20-year old created
wetlands in the Appalachian Mountains (Atkinson and Cairns 2001). The average
particle size in created wetland soils and the proportions among soil texture classes can
affect the growth of vegetation; clay has been observed at high levels in created
wetlands in Virginia (Fajardo 2006).

The biogeochemical conditions at created wetlands also have effects on tree
growth. Nitrogen is required for plant functions and the production of biomass and
nitrate concentrations at created wetlands have been observed to be lower than at
natural wetlands (Bishel-Machung et al. 1996, Fajardo 2006, and Giese and Flannagan
2006). Phosphate availability also determines productivity of plants in wetlands and can
be co-limiting with nitrate (Atkinson et al. 2010). Phosphate concentrations at created
depressional wetlands may be lower than in natural reference wetlands (Gutrich et al.
2008).

Hydrology has a large effect on plant growth, root establishment, and
productivity in wetlands (Mitsch and Gosselink 2000). Inundation during the growing
season can affect which trees can establish in wetlands and where (Kozlowski 1979).
Competition from other vegetation at a created wetland site can also have an effect on
the growth of trees planted there (Berkowitz et al. 1995). Having a lower density of
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planted trees with gaps in the canopy (Allen 1997) and removing herbaceous
competition (Gardiner et al. 2007) can improve planted tree survival and growth rates.

Bulk Density and Organic Matter
Bulk density, or the mass of a specific unit of dry soil, is one of the most
important parameters effecting plant growth. High bulk densities, which can occur
naturally due to changes in soil texture or due to human activities, can inhibit root
penetration into soils. Water penetration can also be limited by higher bulk densities.
Less dense soils have more pore space, allowing more surface area for oxygen
penetration, ion exchange, and water holding. Introduction of organic matter can reduce
the bulk density of soils. Increased organic matter in soils also results in higher soil
stability upon wetting, preventing soil loss to erosion.

Nitrogen
Nitrogen is important in plants for the production of amino acids and
chlorophyll and it also stimulates root growth and development. Plants deficient in
nitrogen will have lower amounts of proteins, will senesce leaves earlier, and will have
a lower shoot-to-root ratio. Over supplying nitrogen can cause plants to become weak
and top-heavy, it can also delay plant maturation. Surface soil nitrogen content normally
ranges from 0.02 to 0.5% and plant foliage nitrogen content ranges from 2.5 to 4%.
Nitrogen is recycled in soils from the breakdown of tissue by decomposers and bacteria.
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Nitrate/Ammonium
Plants can uptake nitrogen as nitrate (NO3-) or ammonium (NH4+). Nitrate is
highly mobile and moves easily across the root surface. Ammonium exchange across
roots causes acidification of the soils as it exchanges with hydrogen ions. Ammonium is
naturally bonded to clay minerals where it is available for plant uptake, it is naturally
found in higher concentrations in clayey subsoils. The process of changing ammonium
to nitrate by soil bacteria is known as nitrification and the reverse process is known as
ammonification. While both nitrate and ammonium can be useful to plants in general
usually some plants perform better with one ion over the other (Brady and Weil 1996).

Phosphorus
Inorganic phosphorus is commonly found bonded with minerals such as iron and
aluminum and has to be weathered to become available for plants. This leaves it at
relatively low concentrations in soils, usually between 0.001 mg/L and 1 mg/L. In low
phosphorus soils many species require mycorrhizal fungi to aid in its absorption. Once
in plants, phosphorus is an important component of DNA, RNA, and ATP. It is also
important in the processes of photosynthesis, seed production, maturation, and root
growth. A deficiency in phosphorus usually leaves plants stunted and spindly but is
generally hard to observe. High phosphorus concentrations can be the result of human
activities. Phosphorus is available to plants in the form of phosphate (HPO42- or H2PO4-)
ions.
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Purpose
The mitigation of wetland impacts and compensation for wetland is important to
maintain societal benefits provided by wetlands. Wetland ecological services such as
nutrient recycling and carbon sequestration, habitat and biodiversity, and water quality
enhancement depend on tree establishment and growth. The purpose of this study is to
quantify environmental conditions and to use these conditions to model tree growth in
created forested wetlands of the Piedmont Province of Virginia.

METHODS

Site Description
The study was performed at three constructed wetland sites (designated Phase I,
II, and III) of the Loudoun County Wetland and Stream Bank installed by Wetland
Studies and Solutions, Inc. (WSSI) in the northern Piedmont region of Virginia (Figure
1.1). The three phases were constructed in 2005 (Phase III) and 2006 (Phase I and II).
The wetlands (measuring 0.81, 3.52, and 3.93 hectares respectively) were constructed
by stripping and then stockpiling topsoil followed by lime amendments and disking to a
minimum of 15 cm. Each phase exhibited somewhat uniform topography and the
primary driver of hydrology at all sites was rainfall, which averages 108.2 cm per year
with soil saturation persisting for most of the growing season (April 5th through
November 1st). Aerial photos of Phase I (Figure 1.2), Phase II (Figure 1.3), and Phase
III (Figure 1.4) are included below and location of sampling plots is provided in
Appendix A.
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Figure 1.1 Location of created wetland sites in Loudoun County, Virginia. County map of Virginia.
Map. dcr.virginia.gov. Web. 18 March 2014.
http://www.dcr.virginia.gov/natural_heritage/np.shtml.

Figure 1.2 Phase I (outlined in white) of the Loudoun County Wetland Stream Bank and its nearby
river Goose Creek.

A total of four plots (with a total of 12 subplots and 252 planted trees) were
established at Phase I, which encompasses 0.81 hectares.
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Figure 1.3 Phase II (outlined in white) of the Loudoun County Wetland and Stream Bank and its
nearby river Sycolin Creek.

A total of four plots (with a total of 12 subplots and 252 planted trees) were
established at Phase II; which encompasses 3.52 hectares.
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Figure 1.4 Phase III (outlined in white) of the Loudoun County Wetland and Stream Bank and its
rivers Beaverdam Run and Russell Branch.

A total of 16 plots (with a total of 52 subplots and 1092 planted trees) were
established at Phase III; which encompasses 3.93 hectares.

Data Collection and Analysis
Data on the growth of the trees for this study was collected by students of
Christopher Newport University at all three sites in March and August of 2009 as well
as August of 2010 and 2011. Growth datum included tree height, basal diameter, and
average canopy diameter. Soils were collected in May of 2011 at all three sites and were
subsequently analyzed at USGS headquarters in Reston, Virginia by Christopher
Newport University students. Data on water levels was obtained from hand-read wells
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operated by WSSI for Phase I in 2011, Phase II in 2010 and 2011, and Phase III in
2010.

For analysis the height and basal diameter of the trees was combined into a
single parameter of stem volume. The changes in stem volume over the three years of
the study were relativized to the initial stem volume for each tree. Relationships
between tree growth and environmental data were first analyzed in PC-Ord (Version 5,
MjM Software, Gleneden Beach, Oregon, U.S.A.). Follow up regressions were
performed via a forward stepwise regression done in Sigma Plot (Systat Software,
Version 12). Final analysis was preformed via information testing in SAS (SAS
Institute, Version 9.3) and R software (R Foundation, Version 2.15.2 “Trick or Treat”)
to produce models for the relationships between species stem volume growth and
environmental parameters.
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CHAPTER TWO: MODELING TREE GROWTH FOR PIEDMONT
CREATED WETLANDS
WITH BIOLOGICAL AND
PHYSIOCHEMICAL PARAMETERS

INTRODUCTION

Wetland Loss and Compensation
Forested wetland loss totaled ~256,166 ha (633,000 acres) in the U.S. from 2004 to
2009 (Dahl 2011) and the federal regulatory program and site characterization are
important factors guiding wetland replacement. The Clean Water Act in 1977 (a
revision of the 1972 Federal Water Pollution Control Act), in Section 404, established a
permit system designed to mitigate wetland impacts (33 U.S.C. 1251). The mitigation
sequence includes avoiding impacts to wetlands, minimizing impacts that are
unavoidable, and compensating for any remaining impacts. Compensation options
include wetland preservation, enhancement, restoration, or creation; with wetland
creation permits typically requiring two acres created per each acre impacted.

Replacing lost acreage of forested wetlands may be more successful when
planting materials are suited for site conditions. Campbell et al. (2002) reported that
site conditions are impacted by wetland construction practices which result in soil
compaction, lower organic content, higher bulk density, and greater predominance of
gravel and larger particle sizes when compared to natural wetlands; therefore site
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characterization should inform selection of planting materials in order for successful
tree establishment.

Success Criteria
Current success criteria for forested wetland creation projects are varied and are
dependent on permit specifications. One success criterion is surviving tree stem density;
a density of stems of at least 990 stems per hectare is the threshold for success. Another
criterion for success is based on the vegetation at the site and requires that more than
50% of the dominant vegetation at a site have a wetland indicator status of FAC or
wetter, which can be determined at the USDA Plants Database (Lichvar 2014). Another
success criterion is height growth which requires that tree height growth exceeds 10%
per year per tree; an average tree height of 1.52-m (5 feet) after 5 years or 3.05-m (10
feet) after 10 years also fulfills the height growth criterion. Canopy closure represents
another criterion for created wetland success; when closure exceeds 30% of the area
planted the site is considered a successful mitigation project.

Created wetlands exhibit a range of physical, biogeochemical, and hydrologic
conditions which have been shown to influence development of plant community
structure (Atkinson et al. 2005; Casanova and Brock 2000; Ashworth et al. 2006). These
conditions can also alter the development of hydric soil characteristics (Atkinson et al.
1993a; Bailey et al. 2007; Wolf et al. 2011), influence primary production (Atkinson et
al. 2010; Whigham et al. 2002) and slow decomposition (Atkinson et al. 2001; Noe et
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al. 2013). However, few studies have quantified tree growth response to environmental
parameters in forested wetland compensation sites.

The objective of this study is to characterize physical, biogeochemical, and
hydrological parameters at three field sites and relate findings to the growth of woody
vegetation planted in created forested headwater wetlands in the Piedmont Province of
Virginia. The purpose of this thesis is to take these characterized environmental
parameters and evaluate their effect on tree growth.

METHODS

Site Description
Three constructed wetland sites in the Piedmont Province were selected for the
study including three phases (Phase I, II, and III) of the Loudoun County Wetland and
Stream Bank installed by Wetland Studies and Solutions, Inc. (WSSI). The sites have
clay based soils with a rainfall-driven hydrology typical of created wetlands in this
province. The saturated zone is at the soil surface during the majority of the growing
season.

We compared three stock types including bare-root (BR) seedlings, tubelings
(T) and trees grown in 1-gallon (3.7 L) pots (G); and seven woody tree species (Table
2.1) commonly found in Piedmont Province forested wetlands including primary
species: Betula nigra (River birch), Liquidambar styraciflua (Sweetgum), Platanus
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occidentalis (American sycamore), and Salix nigra (Black willow) as well as secondary
successional species: Quercus bicolor (Swamp white oak), Q. palustris (Pin oak), and
Q. phellos (Willow oak). Seedlings were obtained from five nurseries in three states
(three in Virginia, one in North Carolina and one in South Carolina). Nurseries removed
soil from tubelings of P. occidentalis, Q. phellos and S. nigra prior to shipment.

Table 2.1 List of species planted at the three phases as well as naming conventions, successional
status, and wetland indicator status.

Species
Betula nigra
Liquidambar styraciflua
Platanus occidentalis
Quercus bicolor
Quercus palustris
Quercus phellos
Salix nigra

Naming
Beni
List
Ploc
Qubi
Qupa
Quph
Sani

Succession
Primary
Primary
Primary
Secondary
Secondary
Secondary
Primary

Indicator
FacWet
Fac
Fac
FacWet
FacWet
Fac
Obl

Planting Methods
Seedlings were planted in subplots consisting of 3 rows with 7 trees per row (21
total trees) such that each subplot contained one replicate of tree species and stock type.
Tree position was randomly assigned and recorded using an X, Y coordinate system
with 2.44-m (8’) spacing with plantings being at a density of 1765 stems per hectare at
all three phases. We established 24 plots, each consisting of three or four subplots
arrayed in close proximity for a total of 76 subplots and 1,596 trees. Planting was
performed in February 2009 and tree morphometry was measured annually in late July.
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Morphometric and Associated Measurements
Collected morphometric parameters included basal diameter (diameter of stem
at ground level), the canopy diameter (diameter of the crown of the tree) and the height
(tallest live portion of the plant). Basal diameter was measured using micro-calipers
while canopy diameter and height were measured using a standard meter stick. For
canopy diameter three measurements at three angles (visual max, visual min, and
median) were obtained to calculate an average canopy diameter. Basal diameter was
measured at the base of the stem or just above buttressing if present. If there were
multiple stems for a tree at ground level then all the stems were measured and the
diameters summed to determine the basal diameter.

Soil, Vegetation, and Hydrology Analyses
In June 2011, soil samples were obtained from all sites for detailed analysis. A
soil pit was dug with a shovel to a depth of 0.5 meters between the third and fourth tree
in the middle row of each subplot. Two 51-mL soil samples were collected in a soil tin
per depth ranges representing 0-12 cm and 12-24 cm below the surface. These samples
were stored on ice and were taken to the US Geological Survey (USGS) facility in
Reston, VA and analyzed by Christopher Newport University students under the
supervision of Dr. Greg Noe, Research Ecologist at USGS.

A 50-gram subsample of wet soil was dried overnight at 60°C to determine
moisture content, bulk density, and dry weight equivalent for the wet samples. Nutrient
analyses were performed within two days of soil collection and samples. A KCl

32

extraction was performed to determine the concentrations of nitrate/nitrite (NO3+NO2)
and ammonium (NH4). A 4-gram dry weight equivalent subsample was added to 40 mL
of 2M KCl, shaken for an hour and centrifuged for 5 minutes. Filtered subsamples were
analyzed via a Segmented Flow Analyzer (SFA).

A Mehlich-3 extraction was performed to determine the concentration of plantavailable phosphate (PO4) in the dried soil. A 2-g dry weight equivalent subsample was
added to 20 mL of Mehlich-3 solution, shaken for 5 minutes, and a filtered subsample
was analyzed via SFA.

To determine organic matter content and particle size of the soil, a 3-g dry
weight equivalent was obtained and combusted at 550°C for 4 hours and then weighed.
Subsamples were ground to pass through a 250-µm sieve and a subsample of 0.02 g of
<250-µm diameter soil was placed in a Erlenmeyer flask with 10 mL
Hexametaphosphate and 90 mL DI water, capped with parafilm, placed in a ultrasonic
bath for 5 minutes and shaken for 16 hours. Subsamples of the combusted soil were
analyzed using a Laser In-Situ Scattering and Transmissometry (LISST-100x, Sequoia
Scientific Inc., Bellevue Washington) to determine the amount of clay (<2 µm), silt (250 µm) and sand (50-250 µm). The percentage of each soil texture class was used to
determine the soil class.

A 1-m2 plot was established adjacent to soil sample locations and vegetative
composition and dominance was determined via visual observation of horizontal plant
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cover. A weighted average (WA) was calculated based on dominance and species
indicator status (Lichvar 2013) following Atkinson et al. (1993a).

Vertical shading was determined at each tree using a shade score index based on
visual estimates of vegetative cover within four 0.5-m height intervals. The shade score
index per interval ranged from 0 to 6, in which 0= no coverage from vegetation, 1 = 15% shading, 2 = 6-25%, 3 = 26-50%, 4 = 51-75%, 5 = 76-95%, 6 = 96-100%.

Water levels were calculated at each tree from hand read wells provided by
WSSI. These wells were not arrayed with the plots and only the closest at each phase
were used (two at Phase I, four at Phase II, and eight at Phase III). Elevations at each
tree and well were recorded by transit and level, and water levels at each tree were
calculated using the water levels at the nearest well and the corresponding elevations.

Data Analysis
The two morphometric parameters of basal diameter and height were combined
to create Stem Volume (SV) as follows.

“Stem Volume” = 1/3 π(1/2*basal diameter)2*height

Change in stem volume that occurred during the 3-year study period was
relativized as follows. The time was measured as years with time final being the third
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year with time initial being time zero or planting. The equation for relative growth rate
was taken from Hunt (1990) and Hoffmann and Poorter (2002).

Relative growth = ((ln(final SV)) – (ln(initial SV)) / (time final – time initial))

Canopy diameter was not analyzed in this study in an attempt to focus on stem
growth. Relativized growth rates were used for the analysis and were calculated from all
surviving trees at the three phases.

Statistical operations were performed to reduce the number of environmental
parameters to be used in model formation. Correlation among environmental
parameters was evaluated with Pearson Correlation (Appendix 2). When environmental
parameters were correlated (r≥0.5) one of the parameters was removed from further
analysis, biasing to parameters with a greater chance to influence the tree growth rates.
Regressions comparing tree growth to vertical shading and horizontal vegetative cover
showed minimal predictive power (further analysis in Appendix 3) and were not
included in analyses such that 10 environmental parameters were deployed for
subsequent analyses. Parameters evaluated in this study (Table 2.2) consisted of
physical parameters (soil bulk density and the percentage of clay/silt/sand in the
sample); biogeochemical parameters (nitrate/nitrite concentration, ammonium
concentration, organic matter concentration, and phosphate concentration); and
hydrologic parameters (water levels and plant weighted averages, which have been
shown to successfully model created wetland hydrology (Atkinson et al. 1993a)).
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Quercus phellos tubelings were excluded from the initial analyses as only 6 of
the 76 (8%) plantings were surviving at the time of this study. The 20 species and stock
type combinations and the 10 environmental parameters were analyzed via a canonical
correspondence analysis (CCA) in PC-Ord (version 5). The CCA uses the
environmental parameters to determine relationships between the parameters and the
species response (stem volume). A forward stepwise regression (SigmaPlot version 12)
was then performed to systematically pick out which parameters had the strongest effect
on the growth of each species and stock type combination. Models using environmental
parameters to predict growth were significant (P<0.05) for 8 of 20 species and stock
type combinations at an alpha of 0.2.

Information Testing was used to form models for the growth of the seven tree
species with the effects of all remaining parameters. The parameter of stock type was
added so analysis could be done on a per species basis while the parameters water level,
percent silt, and percent sand were excluded due to a degrees of freedom limitation as
they were not found to be important in CCA and forward stepwise regressions. The
stock type parameter was assigned as follows: bare root (value of 1), tubeling (2), or 1gallon pot (3). Quercus phellos tubelings were added back in for information testing. A
single parameter linear regression was performed in SAS (version 9.3) and the
individual parameters were ordered by their Akaike Information Criterion (AIC) value
which measures the amount of information explained when doing a regression. The
best parameters based on AIC value were combined into a single multiparameter linear
model per species and a final model AIC value and R2 was calculated. Model averaging
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was performed in R (version 2.15.2) in which all possible models were assessed and
sorted by AIC value, a coefficient for each parameter was calculated from the best
models, and the coefficients that exhibited an AIC value within 4 units of the best
model were averaged for each species. Coefficients are given without significance; R2
is used to determine the usefulness of the model.

RESULTS

Primary species exhibited higher relative growth (with Salix nigra having the
highest) than secondary species (Figure 2.1). Additionally, analysis of the
environmental parameters showed limited numerical ranges (Table 2.2).
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Figure 2.1 Relative stem volume growth rates of all seven species over three years, separated by
stock type. Error bars represent ± 1 standard deviation.

Table 2.2 Ranges and means found for environmental parameters.

Parameter
Bulk Density
Organic Matter
Percent Clay
Percent Silt
Percent Sand
Nitrate/Nitrite Conc.
Ammonium Conc.
Phosphate Conc.
Weighted Average
Average Water Level

Naming
BD
OM
PerClay
PerSilt
PerSand
NO2NO3
NH4
PO4
WA
WtrLvl

Range
0.76 to 1.28g/cm3
4.36 to 7.69%
12.4 to 35.36%
62.9 to 77.35%
0.21 to 23.83%
0.002 to 0.15µmol/cm3
0.02 to 0.51µmol/cm3
0.12 to 4.63µmol/cm3
1.12 to 2.68
-3.37 to 1.1m

Mean
1.03 ± 0.12g/cm3
5.21 ± 0.59%
25.6 ± 5.44%
67.5 ± 3%
6.89 ± 4.85%
0.04 ± 0.04µmol/cm3
0.1 ± 0.08µmol/cm3
1.37 ± 1.32µmol/cm3
1.81 ± 0.34
0.18 ± 0.24 m

These 10 environmental parameters were included in a CCA for comparison to
the stem volume growth for each species and stock type (Figure 2.2). The total amount
of variance in the species data explained by the environmental data in the first three
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axes was 11.1% (with the first two axes explaining 8.8%) with the inertia in the species
data at 1.28. Some of the important parameters on axis one include organic matter,
weighted average, and percent clay/silt; these indicate a possible hydrology gradient on
axis one. On axis two phosphate and nitrate/nitrite concentrations were important;
possibly indicating a nutrient gradient of significance on that axis. A Monte Carlo test
of the eigenvalues produced by the CCA showed significance (P=0.025) and the Monte
Carlo test of the Species-Environment correlations was marginally significant
(P=0.071).
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Figure 2.2 Canonical Correspondence Analysis (CCA) of the effect of the environmental
parameters on tree stem volume growth rates.

A forward stepwise regression detected significant relationships for 8 of the 20
species/stock type (Table 2.3). The strongest models (based on their R2 or amount of
variance explained) were for tubelings of P. occidentalis and bare roots of S. nigra.
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Bulk density was important in the most models (4 of 8) and also had the highest
coefficient (-0.62 for P. occidentalis bare root).

Table 1.3 Significant regression standardized coefficients and R2 for environmental parameters per
species/stock type combinations determined by a forward stepwise regression. (alpha=0.2).
Species
WA
BD
NO3 NH4
PO4
OM PerClay PerSand PerSilt WtrLvl
R2
Beni BR
*
0.375
*
*
*
*
*
*
*
*
0.140
Beni G
*
*
*
*
0.285
*
*
0.4
*
*
0.165
Ploc BR
*
-0.62
*
-0.39
*
*
*
*
*
*
0.363
Ploc G
0.45
*
*
*
*
*
*
*
*
*
0.200
Ploc T
*
*
*
*
*
0.39
*
*
*
*
0.152
Qubi T
*
*
*
*
*
*
-0.28
*
*
0.34
0.155
Quph BR
*
-0.46
*
*
*
*
*
*
*
*
0.212
Sani T
0.46 0.39
*
0.65
*
*
*
*
*
*
0.363

Single parameter linear regressions were performed in SAS and AIC values
were determined to interpret significance. AIC values indicated that the parameter
organic matter content was the most significant for the species L. styraciflua and Q.
phellos. The parameter nitrate/nitrite content was the most significant for P.
occidentalis and the stock type had the most significant effect on the growth of B. nigra,
Q. bicolor, Q. palustris, and S. nigra. When we performed model averaging, S. nigra
and B. nigra yielded the strongest (most predictive) models (R2 = 0.231 and 0.229,
respectively, Table 2.4).

Table 2.4 Regression coefficients for environmental parameters versus tree growth and R2 for each
species determined by model averaging of multiparameter linear regressions in R.
Stock
Species Intercept Type
WA
BD
NO3
NH4
PO4
OM
PerClay
R2
BENI
1 . 1 4 7 -0.371 0.303 0 . 7 4 1 -3.468 -1.093 0.070 -1.237 - 0 . 0 1 9 0.229
LIST
0 . 6 9 2 -0.035 0.288 -0.840 -0.142 0 .3 3 9 0.116 -3.089 - 0 . 0 1 5 0.048
PLOC
0 . 0 2 3 -0.150 0.464 -0.487 -4.300 -0.586 0.066 3 .5 97 0 . 0 1 1 0.095
QUBI
- 0 . 0 8 5 0 .1 38 0.099 -0.327 -0.795 -0.042 -0.013 1 .2 96 - 0 . 0 0 6 0.059
QUPA
- 0 . 2 5 4 0 .1 57 -0.024 -0.080 0 .1 43 -0.189 -0.008 1 .1 86 0 . 0 0 3 0.059
QUPH
0 . 2 6 3 0 .1 29 -0.053 -0.978 -2.168 -0.184 0.037 4 .9 36 0 . 0 1 2 0.139
SANI
- 1 . 3 4 8 -0.258 0.497 1 . 3 7 0 -3.672 1 .8 8 5 -0.039 4 .2 53 0 . 0 0 4 0.231
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DISCUSSION

Environmental parameters measured in this study were able to model the growth
of the species, however with low predictive power. Stock types were selected a priori
and were included in the models either as a component of the response parameter
(species*stock type, yielding 21 species response categories; used for CCA and forward
stepwise regression testing) or as a categorical, predictive parameter for modeling each
of the seven species (used for information testing and model averaging).

Stock types have been evaluated extensively in our ongoing 7-year
investigation, in which 1-gallon pots have survived the best but growth was slightly
higher among tubelings (Roquemore et al. 2014), and were analyzed here via model
averaging. The largest growth rates for B. nigra, P. occidentalis, and S. nigra were
associated with bare root stock types (shown as negative values for stock type, Table
2.4). The models selected 1-gallon pots as positively related to growth among Quercus
species (Q. bicolor, Q. palustris, and Q. phellos). Liquidambar styraciflua, having a
coefficient near zero, may grow best when planted as a tubeling. Salix nigra has been
successfully established using bare root stock type in stream restoration projects
(Pezeshki et al. 1998). Dey et al. (2004), in a study of oak seedlings (Quercus spp.)
planted along a floodplain, found that containerized oaks had higher basal diameter
growth but more dieback. Greater root volume as well as a large amount of soil around
the roots was detected for trees in 1-gallon pots, which could improve early growth
rates and prevent transplant shock.
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Organic matter is one of the most important factors for plant growth and is
highly correlated with most other environmental factors (Bruland and Richardson
2004). Observed organic matter percentage (~5.21% for this study) is on the lower end
of that reported in other created wetlands (Bruland and Richardson 2004; Bailey et al.
2007) and below that reported in headwater created wetlands (Bruland and Richardson
2006), but above that reported in natural floodplain wetlands in Northern Virginia (Noe
et al. 2013). Our organic matter content was higher than organic matter percentages
documented in other young Virginia created wetlands (Giese and Flannagan 2006) and
within the range of created wetlands in Pennsylvania (Bishel-Machung et al. 1996).
Another study reported lower total organic carbon in other local, but older, created
wetlands as well as in natural wetlands (Wolf et al. 2011). The effect of organic matter
was mostly positive on growth rates but varied among tree species, positive effects
could be due to increase in energy available for the plants to grow with. Positive
correlations were found for five species and the strongest positive correlations between
organic matter amounts and growth rates were for Q. phellos and S. nigra with P.
occidentalis, Q. bicolor, and Q. palustris also being positive. Negative correlations
between organic matter content and growth were found for B. nigra and L. styraciflua
possibly due to other factors such as higher water level which could cause organic
matter buildup.

Nitrate concentrations (~0.04 µmol/cm3 or ~0.5 µg/g) were within the range of
both low nitrate concentration reported for forested wetlands and moderate nitrate
concentration (1.09 mg/L or 1.09 µg/g) found in urban streams reported by Inwood et
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al. (2005). Mitsch et al. (2005) reported higher nitrate concentration within a 1-ha
created wetland (2.4 to 4.9 mg-N/L or 2.4 to 4.9 µg-N/g) than concentrations observed
in this study. Natural wetlands along upstream portions of rivers in Northern Virginia
have been noted to have higher concentrations of extractable nitrogen (0.25 µmol/cm3)
with the river system averaging higher concentrations than observed in our study at
~0.16 µmol/cm3 (Noe et al. 2013). Moser et al. (2009) found extractable nitrate
concentrations in Northern Virginia created (<3 µg/g) and reference (~1 µg/g) wetlands
that were on average higher than those observed in our study. Additional comparisons
found in Appendix 3. Nitrate and nitrite were somewhat negatively related to tree
growth, particularly for B. nigra, P. occidentalis, Q. phellos, and S. nigra with Q.
bicolor and L. styraciflua also negatively associated. Q. palustris was the only species
with a slight positive correlation. As shown in the CCA (Figure 2.2), WA is the
parameter most closely associated with nitrate and nitrite which suggests that
competition with a facultative plant community may limit growth among some tree
species.

Bulk density in our sites (~1.03 g/cm3) was in the middle to low part of the
range for created Virginia wetlands measured at ~1.0 g/cm3 (Bruland and Richardson
2004) and from 0.98 to 1.59 g/cm3 (Fajardo 2006), but higher than found by Noe et al.
(2013) in natural floodplain wetlands (0.83 g/cm3). Wolf et al. (2011) worked in one of
our sites (Phase I) one year prior and reported slightly higher bulk density (~1.35
g/cm3). The effect of bulk density varied among species. Soil bulk density was
positively related to growth rates of B. nigra and S. nigra. In contrast, Rodriguez-
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Gonzalez et al. (2010) found that S. nigra grew better in forested wetlands with lower
bulk densities. Liquidambar styraciflua, P. occidentalis, Q. bicolor, Q. palustris, and
Q. phellos were negatively correlated with increasing bulk density; however, L.
styraciflua has been found to grow better in heavy soils in old field sites (Bormann
1953).

WA responds to both elevation and hydroperiod in created freshwater wetlands
and tends to be positively related to water table height (Atkinson et al. 1993b, Bailey et
al. 2007). The studies WA (mean ~1.81) indicated that sites were dominated by OBL
and FACW species and therefore represented wetland vegetation. Betula nigra
(FACW), L. styraciflua (FAC), P. occidentalis (FACW), and S. nigra (OBL) grew
better in higher WA (i.e., drier portions of the sites). The Quercus species had small
correlations with Q. bicolor (FACW) growing better in drier portions while Q. palustris
(FAC) and Q. phellos (FAC) grew better in wetter portions of the site.

Average percent clay (25.6%) was higher than reported in other created
wetlands ~8.8% (Bruland and Richardson 2004) and ~14% (Fajardo 2006), as well as
natural wetlands 16% (Noe et al. 2013), but was within the range of created wetlands
(~25%) and natural wetlands (~30%) observed by Bishel-Machung et al. (1996). An
earlier study in LCWSB found that the percentage of clay in the soil (~15.1%) and was
higher than natural wetlands (Wolf et al. 2011). The percent clay at our sites, as well as
the percentages of silt and sand, indicated that our sites soil class was mostly a Clay
Loam. The effect of percent clay in the soil was variable on the growth of the seven
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species. Betula nigra, L. styraciflua, and Q. bicolor had a slight negative correlation
with increasing percent clay. Platanus occidentalis, Q. palustris, Q. phellos, and S.
nigra showed a slight positive correlation.

Extractable ammonium (~0.1 µmol/cm3 or ~1.41 µg/g) was within the range of
concentrations found in natural floodplain wetlands (~0.12 µmol/cm3) in Virginia (Noe
et al. 2013), however they were much lower than that found in another study of created
(<15 µg/g) and reference (15 µg/g) wetlands in Northern Virginia (Moser et al. 2009).
Additional comparisons found in Appendix 3. Ammonium had variable effects on the
study species. There was a positive correlation between increasing ammonium
concentrations and growth rates of L. styraciflua and S. nigra. There was also a negative
effect of increasing ammonium on the growth of B. nigra, P. occidentalis, Q. bicolor,
Q. palustris, and Q. phellos.

Phosphorus availability has both been found to limit created wetland
productivity (Atkinson et al. 2010) and phosphorus levels in created wetlands have been
found to be lower than those found in natural wetlands (Gutrich et al. 2008). Moser et
al. (2009) documented lower levels of extractable phosphorus in natural (~15 µg/g) and
created wetlands (<10 µg/g) than levels observed in this study (~1.37 µmol/cm3 or
~40.695 µg/g). Noe et al. (2013) also noted lower concentrations of phosphorus
(~0.0036 µmol/cm3) in natural wetlands. Additional comparisons found in Appendix 3.
Extractable phosphorus concentrations had very minimal effects on the growth of the
seven species. There was a positive correlation of increasing phosphorus amounts and
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growth rate for Liquidambar styraciflua; which has been noted by Wallace et al. (1996)
in freshwater wetlands. Phosphorus concentrations were also positively correlated with
B. nigra, P. occidentalis, and Q. phellos; with negative correlations between phosphorus
and Q. bicolor, Q. palustris, and S. nigra.

CONCLUSION

Nitrogen is a major nutrient in ecosystems and appears to be limited in
availability at these sites. Organic matter content, a primary source of nitrogen, and
nitrate/nitrite concentrations, were influential for growth of several modeling
approaches in this study. Growth rates are also known to differ among species and
stock types as seen in this study, suggesting that care needs to be taken when selecting
species and stock type. For the conditions at our sites, the species with the best relative
growth were S. nigra, B. nigra, and L. styraciflua and the best performing stock types
were tubelings.

While our models detected some strong effects on growth, most parameters were
represented within a fairly narrow range of conditions at the 3 sites which may cause an
underestimation of the importance of some environmental parameters on growth.
Furthermore, the generally weak relationships between environmental parameters and
tree growth observed in this study may change through time as trees overcome
transplant shock (Roquemore et al.2014) and as soils change (Wolf et al. 2011).
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Our objectives were to characterize environmental parameters and develop
predictive tools for use in selection of plant materials at various sites throughout the
Piedmont Province. While addressing just three sites showed some intriguing trends, it
is likely that conditions representing the broader environmental gradients across the
entire Piedmont Province are needed to create a robust model that would aid in wetland
design across the province.
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APPENDIX A: MAPS OF PHASES I, II, AND III ALONG WITH
PLOT LOCATIONS AND SIZE.
Phase I of the Loudoun County Wetland and Stream Bank with plots marked with green
markers and trees marked with light blue markers.
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Phase II of the Loudoun County Wetland and Stream Bank with plots marked with
green markers and trees marked with light blue markers.
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Phase III of the Loudoun County Wetland and Stream Bank with plots marked with
green markers and trees marked with light blue markers.
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APPENDIX B: PEARSON CORRELATION VALUES FOR ENVIRONMENTAL PARAMETERS
Pearson correlation values between 21 initial environmental parameters, high correlation coefficients were used to limit which
parameters were used in the analysis. Parameters were weighted average (WA), N:P ration (NP), bulk density (BD), nitrate/nitrite
concentration (NO3NO2), ammonium concentration (NH4), phosphate concentration (PO4), gravimetric soil moisture (SoilMoist),
average particle size (PartSize), organic matter percentage (OM), average water level (WtrLvl), elevation (ELEV), nitrate/nitrite
concentration in the upper 12 cm (NOUp), nitrate/nitrite concentration in the lower 12 cm (NOLow), ammonium concentration in the
upper 12 cm (NH4Up), ammonium concentration in the lower 12 cm (NH4Low), percent silt (PerSilt), percent clay (PerClay), percent
sand (PerSand), average water level in the growing season (AVGRW), average water level in the non-growing season (AVNOGRW),
and percentage of the year with inundation (PerInun).
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NAME

WA

NP
BD
NO3NO2
NH4
PO4
SoilMoist
PartSize
OM
WtrLvl

WA

1

NP
0.1
9

1

BD

NO3NO
2

NH4

PO4

Soil
Moist

Part
Size

OM

Wtr
Lvl

ELEV

NO
Up

NO
Low

NH4
Up

NH4
Low

Per
Silt

Per
Clay

Per
Sand

AVG
RW

AVNO
GRW

Per
Inun

0.0
3
0.3
3

0.29

-0.2

-0.09

-0.31

0.19

0.01

-0.19

-0.42

0.23

0.28

0.13

0.17

0.06

0.15

-0.13

-0.2

-0.07

-0.11

-0.07

0.76

-0.35

0.32

0

0.16

-0.01

0.5

0.01

0.19

0.74

0.37

0.35

-0.2

0.01

0.41

0.07

0.25

1

0.19

0.42

0.13

-0.67

0.03

0.46

0.02

-0.38

0.2

0.15

0.43

0.11

0.37

0.22

-0.01

-0.34

-0.1

-0.11

1

0.08

0.02

-0.44

0.21

0.32

-0.11

-0.36

0.83

0.92

0.07

0

0.14

0.29

-0.24

-0.15

0.22

0.21

1

-0.02

0.3

0.16

0.04

0.08

0.2

0.06

0.09

0.89

0.69

0.15

0.04

-0.14

0.15

-0.08

0.08

-0.02

0.37

-0.3

0.53

-0.58

0.03

0.05

0.09

0.05

0.34

0.51

-0.36

-0.59

-0.13

-0.43

1

0.13

0.48

0.22

0.49

0.35

0.41

0.42

0.06

0.38

0.35

0.15

0.4

0.04

0.11

0.14

0.08

0.17

0.02

0.84

0.96

0.3

0.02

0.03

0.19

0.14

0.36

0.55

0.39

0.45

-0.1

-0.11

0.02

0.09

0.27

-0.25

0.02

0.18

0.05

1

1

0.3

-0.22

0.47

0.26

1

-0.16

0.58

0.31

0.26

-0.12

0.12

0.08

1

0.1

NAME
ELEV
NOUp
NOLow
NH4Up
NH4Low
PerSilt
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PerClay
PerSand
AVGRW
AVNOG
RW
PerInun

WA

NP
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NO3NO
2

NH4

PO4
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Up

NO
Low

NH4
Up

NH4
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Clay

Per
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AVNO
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1

0.27

0.36

0.24

0

0.46

0.67

0.46

0.74

0.19

0.27

0.3

-0.24

-0.15

0.13

0.13

1

0.54

-0.1

0.07

0.16

1

0.03

0.04

0.11

0.22

-0.19

-0.12

0.23

0.22

0.52

0.22

0.08

-0.04

0.22

-0.07

0.1

1

0.14

0.19

-0.14

-0.06

-0.14

-0.05

1

0.46

-0.1

0.41

0.17

0.25

1

-0.84

-0.5

-0.05

-0.09

1

0.31

-0.05

-0.06

1

0.48

0.68

1

0.74

1

1

APPENDIX C: SPECIES GROWTH MODELS WITH COMPETITION

Averaged models created from multiple linear regressions in R. The parameter of the
height of the competing vegetation has been added (CompH). The increased R2 are to
be noted over the R2 noted in Table 2.4 (ex. P. occidentalis R2 increases from 0.095
without competition to 0.383 with competition).
Species
BENI
LIST
PLOC
QUBI
QUPA
QUPH
SANI

Intercept
1.49
0.661
1.31
0.335
-0.159
0.10
-0.324

Stock
Type
-0.508
-0.097
-0.399
0.056
0.147
-0.028
-0.329

WA
0.256
0.253
0.182
0.13
-0.014
-0.006
0.361

BD
0.675
-0.615
-0.522
-0.309
-0.083
-0.698
0.973

NO3
-2.54
-0.225
-3.25
-0.82
0.125
-1.35
-2.4
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NH4
-0.981
0.376
-0.971
-0.094
-0.266
0.203
1.14

PO4
0.023
0.101
0.08
-0.022
-0.007
0.02
-0.006

OM
-2.11
-1.94
4.37
0.334
0.87
4.9
3.89

PerClay
-0.014
-0.011
0.002
-0.004
0.005
0.013
0.01

CompH
0.004
0.003
0.007
0.003
0.001
0.003
0.005

R2
0.314
0.111
0.383
0.110
0.102
0.300
0.359

APPENDIX D: NUTRIENT CONCENTRATION COMPARISONS
Extractable nitrate/nitrite concentrations, extractable ammonium concentrations, and
extractable phosphate concentrations compared to other regional studies in both created
and natural wetlands.
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