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CHAPTER ONE:
LITERATURE REVIEW

Introduction

The United States has a long history of wetland loss, largely due to draining for
forestry, agriculture, and development. It has been estimated that between the 1780’s and
the 1980’s, 53% of pre-European settlement wetlands were destroyed in the United
States, a loss of nearly 46 million hectares. In the same time frame, the state of Virginia
lost approximately 42%, or almost 750,000 hectares, of wetland area (Dahl 1990).
Although the rate of national wetland loss decreased between the 1980’s and 2009,
wetland loss continued with an estimated rate of 550 hectares per year (Dahl 2011).
According to the US Fish and Wildlife Service, forested headwater wetlands were the
most frequently destroyed wetland type in Virginia (Tiner and Finn 1986). Mitigation for
wetland loss is intended to replace both structure and function; however the successful
creation of forested wetlands is challenging due to difficulties associated with tree
establishment and growth within created sites (Mitsch and Gosselink 2007).

Tree growth in created wetlands can be affected by both physiochemical and
biological factors. Hydrology, soil texture, and soil chemistry all affect primary
productivity within wetlands and this effect can differ depending on wetland type, size,
geomorphic positioning, and geographic location (Mitsch and Gosselink 2007).
Interspecific interactions of plants have also been shown to affect tree growth in wetland
1

tree species. Research on the influence of the surrounding vegetation on tree growth
within wetlands has primarily focused on the effects of chemical and physical removal of
vegetation (McLeod et al. 2000, McLeod et al. 2001, Osiecka and Minogue 2012, Curtis
et al. 2015). However, fewer studies address the effect of surrounding vegetation
structure on planted tree growth within wetlands. The purpose of this study is to quantify
the structure of vegetation surrounding recently established, planted seedlings in forested
created wetlands within the Piedmont Province of Virginia and to investigate the
influence of vegetative structure on tree growth.

Literature review

Forested Wetland Classification and Functions
Wetlands are defined by characteristics which include positive indicators of
hydrology, hydric soils, and hydrophytic vegetation (EL 1987). Wetland hydrology is
indicated by continuous saturation for greater than 5% of the growing season in the upper
30.5 cm (12 inches) of the soil. Hydric soils are characterized by redoximorphic features
such as low soil chroma, smells of hydrogen sulfide, and organic matter accumulations
resulting from anaerobic conditions. Hydrophytic vegetation is characterized by a plant
community dominated by species that exhibit morphological, physiological or
reproductive adaptations to anoxic soil conditions. The National Wetland Plant List
assigns a wetland indicator status to plant species (Table 1), and hydrophytic species are
assigned a status of either facultative, facultative wetland, or obligate (NRCS 2015).
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Positive indicators of all three of the characteristics described above are required for a
site to be considered a wetland in the United States (EL 1987).

Wetlands which exhibit ≥50% coverage by woody vegetation over 6 m tall are
classified as forested wetlands. Forested wetlands can be further classified based on the
hydrologic, geomorphologic, chemical, or biological influences from which they are
derived (Cowardin et al. 1979). Classification can also be modified by the
hydrogeomorphic setting of the wetland (Brinson 1993). For the purposes of this review,
the term “forested wetlands” will refer specifically to non-tidal palustrine forested
wetlands unless otherwise noted.

Table 1.1 Short qualitative descriptions wetland indicator status ratings used in
hydrophytic vegetation determination for purposes of wetland delineations in the
United States. Modified from Lichvar (2013).
Indicator status rating
(abbreviation)
Obligate (OBL)

Designation

Qualitative Description

Hydrophyte

Almost always occur in wetlands

Facultative Wetland
(FACW)

Hydrophyte

Usually occur in wetlands, but may occur
in non-wetlands

Facultative
(FAC)

Hydrophyte

Occur in wetlands and non-wetlands

Facultative Upland
(FACU)

Nonhydrophyte

Usually occur in non-wetlands, but may
occur in wetlands

Upland (UPL)

Nonhydrophyte

Almost never occur in wetlands

Forested wetlands perform many functions and ecosystem services. The National
Research Council (1995) defined functions as “all processes and manifestation of
3

processes that occur in wetlands”. Examples of these include long-term retention and
removal of dissolved elements, accumulation of sediments, storage of surface water,
maintenance of a high water table, and transformation and cycling of elements (NRC
1995, Cole 2002). Although many other functions such as wildlife habitat are performed,
the transformation and retention of nutrients (Craft and Casey 2000), carbon cycling, and
the retention of sediments (Noble et al. 2011) have been identified as major ecological
functions of forested wetlands. These functions result in ecosystem services such as
reduction in waterway nutrient loading, flood reduction, carbon sequestration, erosion
control, and the support of clean water.

The ability of forested wetlands to adequately perform certain ecosystem services
is dependent on the structure and composition of the plant community. Kadlec and
Knight (1996) demonstrated that higher plant cover in wetlands is associated with the
ability of the system to remove sediments and nutrients. Elements are removed or
transformed by plant absorption and atmospheric loss, or they are stored in organic matter
where vegetation provides the surface area (i.e. root masses) for biochemical
transformation processes to occur (Smith 2008). Although not a direct measure of
ecosystem function, plant community cover can serve as an indicator of the ability of a
wetland to retain and remove dissolved elements (Cole 2002). Also, dominant plant
cover by obligate species has been associated with lesser rates of decomposition than
when facultative species were dominant (Atkinson and Cairns 2001). Structural
characteristics of certain plant species can also increase microtopography roughness in
wetlands through the creation of tussocks, hummocks, and tree tips. A decrease in
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surface homogeneity provided by trees can obstruct water flow during flood events and
result in increased surface water storage, retention of sediments, and cycling of nitrogen
(Cole 2002, Wolf et al. 2011). As a result of these characteristics, diverse ecosystem
services emerge from the unique structures and functions of forested wetlands.

Wetland Mitigation
Since enactment in the 1970’s, the Clean Water Act regulates wetland impacts in
an effort to offset the impacts of wetland loss. Section 404 of the Clean Water Act
creates a system in which permit applicants must mitigate wetland impacts by first
avoiding impacts, then minimizing unavoidable impacts, and finally compensating for
those impacts which were unavoidable. Compensation can take various forms including
off-site preservation, enhancement of existing wetlands, restoration of degraded sites,
and, most commonly, the creation of new wetlands (NRC 1992). These activities may
occur at one site for each wetland lost, or may be performed through a system of
mitigation banking which may involve the sale and purchase of credits from privately
owned and operated mitigation banks (aka entrepreneurial mitigation banks). These
banks are often constructed before wetland destruction occurs, allowing multiple
compensation efforts to be mitigated in one mitigation site (CFR 2011).

The requirements of a mitigation permit are issued on a per-project basis and can
vary among projects. Some permits have site specific requirements while others employ
more general directives (USACE-USEPA 2008, Streever 1999). However, the main
objective of permitted compensatory mitigation sites is to replace ecological structure,
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functions, and services that were destroyed during the permitted project (NRC 1992). To
be considered successful, each site must meet clear, objective, verifiable, science-based,
and practically assessable performance standards (CFR 2011).

Assessing Success in Wetland Mitigation
Regulatory agencies that administer compensation programs, such as the US
Army Corps of Engineers and various state agencies, require progress reports to ensure
the permit conditions are achieved. Through a process known as compliance monitoring,
these reports include assessments of the development of the wetland against a set of
performance standards. Site monitoring must typically take place for 5 to 10 years after
construction (USACE 2002), although studies have found this monitoring period may be
inadequate to predict the development of the target ecosystem (Mitsch and Wilson 1996,
Zedler and Callaway 1999, Spieles and Coneybeer 2006).

Along with other ecosystem components, such as hydrology and soils,
performance standards are established for the developing vegetation within mitigation
sites. Common standards for vegetation focus on species dominance, percent cover,
survival of planted stock, and a limit of exotic and nuisance plant species (NRC 2001,
Streever 1999). A plant dominance-based metric which is a form of weighted averaging,
termed Prevalence Index, can also be used as an early indicator of hydrology (Atkinson et
al. 1993). Vegetation standards can be divided into herbaceous and woody standards
(Breaux and Serefiddin 1999). In created forested wetlands, a typical standard for
woody material requires 50% of all the dominant woody species at the site to be
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categorized as facultative or wetter (Table 1). In Virginia, a stem count of 990 stems per
hectare or a canopy cover of ≥30% by woody vegetation is recommended for created
forested wetland success (USACE-VDEQ 2004). Therefore, significant components of
performance standards for created forested wetlands focus on the development of woody
vegetation which must develop along a specified trajectory in order to meet permit
requirements. Understanding the influences of tree growth in created sites can lead to
improved management practices and increase mitigation success.

Conditions of Tree Establishment in Created Wetlands
The establishment of woody vegetation is often one of the most difficult standards
to meet in created forested wetland monitoring. Inadequate colonization by woody plants
from surrounding seed sources requires managers to plant woody species after
construction to meet minimum tree densities (Noon 1996, Hudson 2010). Even with
supplemental planting, created forested wetlands often do not meet vegetation
performance standards due to high mortality of planted trees (McLeod and McPherson
1973) and low woody stem densities (Matthews and Endress 2008). While some sites
receive dense colonization, particularly by light-seeded species (Hudson 2010),
development at some sites can take decades (Atkinson et al. 2005). Trees planted in
mitigation sites have been found to take up to 50 years to achieve the same tree basal
areas as in naturally occurring wetlands (Niswander and Mitsch 1995).

Created wetlands may exhibit physical characteristics challenging to tree growth.
Soil quality and hydrology are two of the major sources of stress in tree development in
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these systems (Patterson and Adams 2003, Spieles 2005, Mitsch and Gosselink 2007).
Construction practices, such as the use of heavy machinery and the excavation of surface
soils to mineral layers, create site conditions with lower organic matter, higher bulk
density, compaction of soil and larger particle sizes compared to natural wetlands in
Pennsylvania (Campbell et al. 2002) and in Virginia (Atkinson 1991). Increased soil
bulk densities and lower organic matter contents in Virginia mitigation wetlands have
been found to hinder tree development and growth (Fajardo 2006, Bailey et al. 2007).
Created wetlands also have lower microtopography variability as compared to natural
reference sites (Stolt et al. 2000). Topographic unevenness mitigates extremes in soil
moisture, temperature, and nutrient concentrations and has been found to increase success
of planted saplings (Bailey et al. 2007).

In created forested wetlands, hydrology is often seasonally extreme due to site
topography, annual precipitation cycles, and lower rates of transpiration compared to
established forested wetlands, all of which contribute to difficult planting conditions
(Mitsch and Gosselink 2007). Some studies have found that seasonal flooding associated
with bottomland hardwood forests results in slower tree growth rates compared to
wetlands with shorter hydroperiods (Malecki et al. 1983, Megonigal et al. 1997). The
Mitsch and Rust (1984) model of tree growth proposes positive and negative effects
associated with the natural hydrology of bottomland hardwood forests. In their model,
floodwaters coincident with the dormant season increase tree growth through deposition
of nutrient rich sediments and an increase in soil moisture holding capacity during the
growing season. However, flooding during the growing season results in the formation
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of an anaerobic root zone and hydric soils which negatively influences tree growth
(Kozlowski 1984). During periods of low rainfall and the absence of flood events,
growth of wetland tree species may be negatively affected (Dickson and Broyer 1972).
Divergent influences of flooding can co-occur (i.e. high nutrient availability and
anaerobic soil) such that the positive and negative effects of flooding can cancel one
another out and result in no net effect on tree growth (Megonigal et al. 1997).

Hydrologic conditions are an important aspect of tree growth. The duration,
depth and frequency of flooding all influence tree productivity (Mitch 1991). Elevations
within a site influence these resulting hydrologic considerations. In a study of Atlantic
white cedar (Chamaecyparis thyoides) within a restoration site, elevation of tree planting
site influenced early tree growth. Trees were found to grow best at intermediate
elevations, likely due to increased inundation found at lower elevation planting sites and
increased competition with facultative species at higher elevation sites (Brown and
Atkinson 1999). Although elevations within created wetlands are designed to pass
hydrological monitoring standards, sites rarely achieve desired hydrologic regimes
(Morgan and Roberts 2003, Matthews and Pociask 2015). Therefore, identifying trees
which can successfully grow within created wetland site conditions is essential to tree
establishment (Pezeshki et al. 1998, Spencer et al. 2001, Henderson et al. 2009).

Tree Selection in Created Wetlands
Created forested wetlands are typically constructed by excavating top soil to an
impermeable mineral layer and mounding spoils to create depressions. The resulting site
9

may be viewed in terms of an early successional series depending on the type and degree
of applied soil amendments (Clewell and Lea 1989, Atkinson et al. 1993, Noon 1996,
DeBerry and Perry 2004). In a model of created wetland primary succession, Noon
(1996) concluded that trees and shrubs are less likely to recruit naturally due to highly
competitive herbaceous perennials which may be dominant in recently created wetlands.
He suggested that planting woody material adapted to compete in these environments
would be necessary to achieve a desired plant community.

In a study of Virginia created wetlands, DeBerry and Perry (2012) concluded that
woody species which become established during water drawdown periods and which are
adapted to prolong flooding and sedimentation are best suited to be planted in mitigation
sites. Black willow (Salix nigra) is offered as an example of preferred planting stock
since it is a primary successional species adapted to site conditions and can serve as a
nurse crop to later successional species. However, secondary successional species, such
as oaks (Quercus spp.) are often planted in created wetlands. Despite poor survival and
growth, these species are planted because they are considered a desired component of
target ecosystems (Gardiner 2001). Interplanting early successional species with later
stage species has also been found to increase survival of planted stock, species diversity,
stem density, and maximum tree height (Allen 1997, Twedt 2006). When late stage
successional species are utilized in created wetland plantings, DeBerry and Perry (2012)
suggest incorporating species which have life histories suited to the hydrologic regime
found at the planting site.
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Tree establishment of four primary successional species (Betula nigra,
Liquidambar styraciflua, Platanus occidentalis and Salix nigra) and three secondary
successional species (Quercus bicolor, Q. palustris, and Q. phellos) in created wetland
sites have been explored in recent studies (Roquemore et al. 2014, Seidel 2014, Wurst
2014). Life history reviews of these species can be found in Seidel (2014) and Wurst
(2014). These investigations, all conducted at the same sites in northern Virginia,
focused on planted tree survival and growth in relation to species, planting stock type,
and site characteristics. After two growing seasons, Roquemore et al. (2014) found that
planted species performed as predicted, with primary successional species generally
growing more quickly than secondary successional species. Site conditions also
influenced the success of tree species. Five years after planting, Wurst (2014) developed
a plot-level model of tree growth that incorporated biological and physiochemical
parameters. He found environmental variables were minimally predictive of growth due
to a narrow range of site variability (Appendix A). However, a limited evaluation of
colonizing vegetation implied vegetation structure might be predictive of tree growth but
were not analyzed further in his study. The influence of surrounding vegetation in his
model on tree growth may have increased its predictive power.

Tree Growth and Surrounding Vegetation
Surrounding vegetation has been shown to influence growth of planted woody
vegetation. In traditional models of succession, hardwood tree seedlings exhibited
increased growth when vegetation around a seedling was removed or eliminated
(DeSteven 1991). This change in growth has been attributed to the seedling being
11

released from the negative interactions of competition by increased availability of site
resources, specifically water, nutrients and light (Gill and Marks 1991). Riverine and
palustrine forested wetlands are highly productive systems due to the resource inputs
from adjacent waterways. Constructed forested wetlands that receive consistent nutrient
and water inputs may exhibit enhanced survival and growth of planted trees (Mitsch and
Gosselink 2007). In these systems, light availability can become the main limiting
resource in plant-plant competition.

Interactions between planted trees and surrounding vegetation may change
depending on site conditions. Based on findings from numerous studies across multiple
ecosystem types, Bertness and Callaway (1994) proposed the Stress Gradient Hypothesis,
which theorizes that the nature of species-species interactions varies along a gradient of
stress intensity; negative effects (competition) dominate interactions in low stress
environments and positive effects (facilitation) dominate interactions in high stress
environments. This hypothesis has been supported in literature (Callaway 2007) and
refined for plant-plant interactions to include resource (i.e. water, light, nutrients) and
non-resource (i.e. flooding, wind exposure, heat, salinity, etc.) stresses (Maestre et al.
2009). Although facilitative and competitive effects can co-occur, life history strategy,
life stage, and multiple interacting stressors can all affect plant-plant interactions
(Coldren 2013).

In a study of competition among old field species and planted trees, Berkowitz et
al. (1995) found that variation in competition intensity was related to the favorability of
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site conditions for growth of a target tree species. In favorable growth conditions,
removing competing vegetation around saplings increased tree height and biomass, as
expected under traditional competition models. However, as physical conditions in plots
became more inhospitable to tree growth, little-to-no effect from surrounding vegetation
was observed. In plots with extremely inhospitable conditions, such as severe drought,
growth was found to increase in the presence of surrounding vegetation. These findings
suggest that negative interactions (competition) and positive interactions (facilitation)
may occur between seedlings and surrounding plants depending on site conditions.

The interplay of facilitation and competition between planted tree growth and
surrounding vegetation has been described for forested wetlands. Recommendations for
early bottomland hardwood forest wetland mitigation efforts in the southeastern United
States suggest planted saplings could benefit from a tall herbaceous community which
provides shelter from heat and wind (Clewell and Lea 1989). However, restoration
studies of severely degraded bottomland hardwood forest wetlands found that chemical
or mechanical removal of weeds around planted trees had little-to-no effect on tree
growth (McLeod el al. 2000, Twedt and Wilson 2002). Another reforestation study of
bottomland hardwood forest conducted on abandoned agricultural fields, found that the
presence of a surrounding herbaceous community severely limited the growth of planted
Nuttall oak (Quercus nuttallii) seedlings (Gardiner et al. 2007). These conflicting reports
may be reconciled by the Stress Gradient Hypothesis in that competitive interactions
dominated the seedling-vegetation relationship in the hospitable conditions described in
the former study, and facilitation dominated the relationship in the inhospitable growing

13

conditions described in the later study. Regardless of the specific mechanisms involved,
these studies indicate that site conditions and the surrounding herbaceous community are
important factors that influence survival and growth of planted trees in created wetlands.

Tree sapling growth has also been found to be influenced by woody species of
neighboring plant communities. In a meta-study of plant interactions across restored
ecosystems, Gómez-Aparicio (2009) found that shrubs generally have large facilitative
effects on trees. In forested wetland restoration studies, black willow (Salix nigra) has
been shown to facilitate the establishment of other hardwood species by providing
shelter, suppressing competitive herbaceous plant growth, and by stabilizing temperatures
and reducing water level fluctuation (Spencer et al. 2001, McLeod et al. 2001). DeBerry
and Perry (2012) found, in early wetland succession, colonization by woody plants such
as S. nigra resulted in increased structural complexity and a change in species
composition that encouraged establishment of other hardwood species.

Studies of planted sapling interactions with surrounding vegetation in created
forested wetlands have largely focused on the effects of removing, eliminating, and
suppressing vegetation from around planted trees (Richardson et al. 1994, Twedt and
Wilson 2002, McLeod et al. 2000, McLeod et al. 2001, Gardiner et al. 2007, Curtis et al.
2015). These studies demonstrate that tree growth may be aided or hindered by the
presence and type of surrounding vegetation, depending on site characteristics. However,
no studies have attempted to determine how growth of planted trees may relate to
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structural attributes such as cover, density, and height of surrounding vegetation in
created wetlands. This study is an effort to investigate some of these relationships.

Quantifying Vegetation Structure
A majority of performance standards established for created wetlands focus on
vegetative parameters (Breaux and Serefiddin 1999). The variable physiochemical and
hydrologic conditions of created wetlands result in the development of site specific plant
communities and assemblages (Atkinson et al. 2005, Casanova and Brock 2000,
Ashworth et al. 2006). Structural components of the plant community have been the
focus of regulatory monitoring in mitigation because of the relative ease of monitoring
and the assumed connection between community structure and ecosystem function (NRC
2001, Streever 1999). Many authors have investigated methods of assessing vegetative
structure as it relates to wetland functions with varying degrees of success (Mitsch 1991,
Megonigal et al. 1997, Atkinson and Cairns 2001, Cole 2002, Spieles 2005, DeBerry
2006, Nichols et al. 2006, Spieles and Coneybeer 2006). As a result, methods of
assessing plant structure in wetlands have been described in literature. In this
investigation, aboveground biomass (Cole et al. 2001), horizontal cover (Atkinson et al.
1993, Cole 2002), and vertical cover (BLM 1999, Haukos et al. 1998, Tsai et al. 2010)
will be utilized to assess vegetation structure.

15

Purpose

Wetland mitigation requires that created wetlands replace the structure, function,
and ecosystem services of the impacted wetland. In the case of forested wetlands, tree
establishment is difficult and, when successful, may take decades to achieve an
equivalent ecosystem. The early establishment of trees in created forested wetlands
would accelerate structural replacement and development of some functions.
Understanding how growth of planted trees is influenced by surrounding vegetation
within these sites may improve success of mitigation efforts. It is the purpose of this
study to quantify vegetation structure surrounding recently established seedlings in
created forested wetlands located in the Piedmont Province of Virginia and assess
possible associations between colonizing vegetation and tree growth.
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CHAPTER TWO:
THE CHARACTERIZATION AND INFLUENCE OF VEGETATION
STRUCTURE SURROUNDING PLANTED TREES IN CREATED
FORESTED WETLANDS IN THE PIEDMONT PROVINCE OF
VIRGINIA

Introduction
In the United States, nearly 46 million hectares (113.6 million acres) of wetland
area were lost between the 1780’s and the 1980’s largely due to draining for forestry,
agriculture, and development (Dahl 1990). Forested headwater wetlands have been the
most frequently destroyed wetland type in the eastern United States (Tiner and Finn
1986). Since the 1980’s the rate of wetland destruction has decreased but 256,000 ha
(633,000 acres) of forested wetland area was still lost between 2004 and 2009 (Dahl
2011). Section 404 of the Clean Water Act of 1977 established a permit system in which
applicants must mitigate wetland impact. Wetland mitigation is approached through a
hierarchy of efforts in which impacts must first be avoided, then minimized, and finally
compensated when impacts are unavoidable (33 U.S.C. 1251). The most common form
of compensation is the creation of new, replacement wetlands, with permits often
requiring the creation of two replacement acres for every acre impacted (NRC 1992).
Although these compensatory activities can take many forms, a system of mitigation
banking involving the sale and purchase of credits from privately owned and operated
mitigation banks (aka entrepreneurial mitigation banks) is common.
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The main objective of permitted compensatory mitigation is to replace ecological
structure, functions, and services that were destroyed during permitted projects (NRC
1992). To be considered successful, each mitigation site must meet clear, objective,
verifiable, science-based, and practically assessable performance standards (CFR 2011).
Performance standards for the establishment of vegetation within mitigation sites are the
most common and often focus on measures of species dominance, percent cover, and
survival of planted stock (NRC 2001, Streever 1999). For created forested wetlands in
Virginia, a stem count of 990 stems per hectare (400 stems per acre) or a canopy cover of
≥ 30% by woody vegetation is recommended for success (USACE-VDEQ 2004). Due to
inadequate colonization by woody plants from surrounding seed sources, managers of
created forested wetlands typically plant woody species to meet required or targeted tree
densities (Noon 1996, Hudson 2010). However, colonization and supplemental planting
in created forested wetlands often do not meet vegetation performance standards and poor
tree establishment and growth is well documented (Sharitz et al. 2006, Matthews and
Endress 2008, Roquemore et al. 2014, Matthews and Pociask 2015). Furthermore,
vegetation in created wetlands can take decades to develop (Atkinson et al. 2005) and
growth of planted trees in created forested wetlands has been found to take up to 50 years
to achieve the same tree basal areas as in naturally occurring wetlands (Niswander and
Mitsch 1995).

Hydrology and soil characteristics are reported as two of the major sources of
stress in tree development in these systems (Patterson and Adams 2003, Spieles 2005).
Although engineered to meet performance standards, created wetlands in the eastern
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United States rarely achieve desired hydrologic regimes (Morgan and Roberts 2003,
Matthews and Pociask 2015). Construction practices in Virginia often result in sites with
high soil bulk density, low organic matter content (Atkinson 1991, Fajardo 2006, Bailey
et al. 2007), and other conditions that may limit tree growth. Such sites may fail to meet
performance standards for the development of woody vegetation, and understanding the
influences on tree growth in created forested wetlands, such as interactions with
surrounding vegetation, is critical to increase mitigation success.

Interspecific interactions among plants have been shown to affect tree growth in
some wetland tree species, but most of the research has focused on the effects of
chemical and physical vegetation control measures (McLeod et al. 2000, McLeod et al.
2001, Osiecka and Minogue 2012, Curtis et al. 2015). Observations of surrounding
vegetation included decreased growth (Osiecka and Minogue 2012, Curtis et al. 2015),
increased growth (Padilla and Pugnaire 2006), and no effect upon growth (McLeod et al.
2000, McLeod et al. 2001) of trees and indicate a possible range of relationships from
competition to facilitation. No identified studies have attempted to address the effect of
unmanaged vegetation structure on planted tree growth within created forested wetlands.
The purposes of this study were: (1) to characterize the structure of vegetation
surrounding recently established, planted saplings in forested created wetlands within the
Piedmont Province of Virginia and (2) to investigate possible relationships between
vegetative structure and planted tree growth. The null hypothesis was: (Ho) there is no
relationship between the structure of colonizing vegetation surrounding planted trees and
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growth of planted trees in forested created wetlands within the Piedmont Province of
Virginia.

Methods
Study Sties
Three constructed wetlands that were created to compensate for permitted
destruction of forested wetlands were selected for this study. The sites were designed
and installed by Wetland Studies and Solutions, Inc. as part of the Loudoun County
Wetland and Stream Mitigation Bank. These sites were constructed in three phases:
Phase 1 and 2, constructed in 2006, are 0.81 and 3.52 hectares respectively; and Phase 3,
constructed in 2005, is 3.93 hectares. Each site is located on former agricultural land
within the floodplain of adjacent streams (Appendix B). Site construction techniques
consisted of excavating and mounding topsoil to create a depression in the landscape with
an impermeable mineral substrate. Soils were prepared through application of lime and
mechanical disking of soil to a minimum depth of 15 cm. Sites were seeded with a mix
of wetland annuals and perennials. After construction each site consisted of a clay-based
soil with relatively uniform topography. Hydrologic monitoring of water tables was
conducted for two to three years to evaluate site hydrologic regime. All three phases
were designed with rainfall-driven hydrology to achieve surface soil saturation for the
majority of the growing season. These study sites are part of an ongoing seven-year
investigation designed to assess the performance of planted woody species and to
determine appropriate design for created wetlands in the Piedmont Province of Virginia
(Hudson et al. 2013, Roquemore et al. 2014).
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Planting Design
The planting design in this investigation has been described in previous studies
(Roquemore et al. 2014, Seidel 2014, and Wurst 2014). Saplings of seven species
commonly found in forested wetlands within the Piedmont Province of Virginia were
planted at sites in March 2009 (Table 1). Species consisted of four primary successional
species: Betula nigra (river birch), Liquidambar styraciflua (sweetgum), Platanus
occidentalis (American sycamore), and Salix nigra (black willow); and three secondary
successional species: Quercus bicolor (swamp white oak), Q. palustris (pin oak), and Q.
phellos (willow oak). Each species was represented by three stock types: bare-root
seedlings, tubelings, and one-gallon pots. A complete replicate of species-stock type
combinations consisted of 21 experimental units (7 species x 3 stock types).

Table 2.1 List of planted species with associated naming conventions,
successional status and wetland indicator status (WIS).
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A total of 1,596 saplings were planted in 24 randomized and replicated plots
across all 3 phases (Appendix B). Plots consisted of three or four subplots, with each
subplot consisting of a complete 21 species-stock type replicate. An x- and y-coordinate
grid was created and saplings were randomly planted within subplots on 2.4-m centers.
Flags were placed at the base of each sapling to facilitate resampling.

Morphometric Tree Measurements
Survival and morphology data were collected annually. Trees were considered
alive when leaves or green cambium exposed by bark scraping was present.
Morphometric measurements were collected using methods modified from Bailey et al.
(2007). Parameters included height of tallest living woody stem, average diameter of
canopy, and ground level root collar diameter (ground diameter). Height was measured
with a standard meter stick, stadium rod, or tangent height gauge depending on tree
height. Tree canopy was measured in three horizontal directions (visual maximum,
minimum, and median) utilizing a standard meter stick or measuring tape and the mean
of these measurements was calculated to obtain canopy diameter. Ground diameter was
measured by micro-calipers (SPI 6”/0.1-mm Poly Dial Calipers). If multiple stems
originated below ground level, the 5 largest stems were measured and a single combined
diameter was obtained through stem area calculations. This was accomplished by
converting stem diameters to circular areas, calculating the sum of all areas, and backcalculating a final diameter from the summed areas.
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Stem removal and girdling by beaver was first observed in 2014 and was
observed again in 2015. The presence of beaver damage was noted during tree
measurements each year.

Planted tree morphometry was measured at the time of planting and subsequent
measurements were made annually in August, from 2009 through 2015, resulting in
seven-growing-seasons during which tree growth was assessed.

Colonizing Vegetation Measurements
In July of 2015, a subset of trees from the original design was selected for
analysis of colonizing vegetation structure. The subset consisted of all living trees and
associated colonizing vegetation located in the second subplot of every plot (n = 206
from 24 subplots). All vegetation other than the 206 planted saplings was considered
colonizing vegetation, including naturally seeded individuals of the same species as the
planted trees.

Vertical vegetation structure was quantified using a cover board following
established methods for this instrument (BLM 1999) modified to measure cover of
vertical structure of surrounding colonized vegetation. The constructed cover board,
measuring 2 m tall by 1 m wide, was divided into four 0.5-m strata. The board was
positioned 1 m north of a planted tree and an observer was situated 1 m south of the tree
(thus 2 m south of the board), resulting in a 2-m2 vertical cover study area. All
observations were made by the observer from a height of 1 m. Cover class was recorded
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for each stratum based on the percentage of observed colonizing vegetative obstruction
and converted to midpoint values for analysis (Table 2). Each stratum was assigned a
cover class midpoint quantifying the vertical cover of all surrounding, colonized
vegetation within the stratum. Vegetation structure of planted saplings was not included
in cover measurements. Extensive training was conducted to ensure consistency among
observers. Additional measurements of vertical cover included average height of
herbaceous vegetation, species and height of the tallest herbaceous vegetation, species of
dominant herbaceous vegetation that exhibited ≥ 50% coverage, and species and average
height of woody vegetation (> 1 m).

Horizontal vegetative cover was estimated following Daubenmire (1959). Square
1-m2 plots, with sides oriented to the cardinal compass directions, were centered on
planted trees. Cover classes (Table 2) were assigned based on visual observation of four
plot characteristics including horizontal plant cover for each colonizing woody species (>
1 m), dominant herbaceous species, all other species collectively, and bare ground.
Dominant herbaceous species were selected based on a modified 50/20 rule (FICWD
1989) in which dominant species were those for which horizontal cover was ≥ 50% of the
total plot vegetation cover. If no individual species had ≥ 50% cover, then species with >
20% cover were selected, in descending abundance until coverage of ≥ 50% was
achieved. All cover class values were converted to midpoint values for analysis. Species
richness was recorded within each 1-m2 plot.
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A biomass study area consisting of a square 0.25-m2 nested clip plot was
established within horizontal cover plots. Cover plots were divided into four 0.25-m2
quadrants and the most representative quadrant was selected for clip plot analysis. If
quadrants were similar, the south-eastern quadrant was selected. All living vegetation
within the area of the clip plot was cut as close as possible to ground level. All parts of
the dominant herbaceous species, as identified from each horizontal cover plot, and
woody vegetation > 1 m, were sorted in the field and stored in separate labeled paper
bags for transport. All remaining vegetation was collected and stored together.
Vegetation was dried at 80 ⁰C for at least 24 hours to a constant weight within 5 g. Dry
biomass of dominant herbaceous species, woody vegetation, and all other vegetation was
recorded.

Table 2.2 Cover classes used for estimating vertical and horizontal cover in the
field and associated midpoint ranges used for statistical analysis following
Daubenmire (1959).
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The wetland indicator status was obtained for all identified species (NRCS 2015).
For analysis wetland indicator status was converted to a wetland indicator index value
(Table 3). All measurements and samples were collected and analyzed by students of
Christopher Newport University.

Table 2.3 The wetland indicator status, likelihood of occurrence, and the assigned
wetland indicator index values following Lichvar (2013).

Data Analysis
Three species of planted trees (L. styraciflua, P. occidentalis, and Q. phellos)
were excluded from analysis due to high rates of mortality and poor representation within
selected plots (Appendix C). The remaining two primary species (B. nigra and S. nigra)
and two secondary species (Q. bicolor and Q. palustris) were used in analysis. Beaver
damage was observed on 32 saplings (23.7% of selected trees) and were excluded from
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analyses. The analysis reported here consisted of 116 saplings and the associated
colonizing vegetation (Table 4).

Measures of tree growth (tree height and ground diameter) were analyzed
separately to identify possible differences in growth responses to surrounding vegetation.
Canopy diameter was excluded from analysis in this investigation due to a high
correlation with other morphometric parameters (Pearson Correlation value for height
and canopy diameter was 0.71, and 0.84 for ground diameter and canopy diameter).

Table 2.4 Species and stock type (# individuals) employed in this analysis. The number
of surviving planted trees (# in the population) at the conclusion of the seventh growing
season and the percentage of included saplings based on the total number of surviving
planted trees (% of total population) are also shown.

Species
Betula nigra

Stock type

Bare-root
Tubeling
Gallon
Quercus bicolor Bare-root
Tubeling
Gallon
Quercus palustris Bare-root
Tubeling
Gallon
Salix nigra
Bare-root
Tubeling
Gallon
Total

#
# in the
% of total
Individuals Population population
8
26
30.8%
9
30
30.0%
11
31
35.5%
8
26
30.8%
11
35
31.4%
10
34
29.4%
12
34
35.3%
12
41
29.3%
12
38
31.6%
7
16
43.8%
9
24
37.5%
7
18
38.9%
116
353
32.9%

Growth rate per growing season was calculated for both height and ground
diameter:
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GR = ([( M2 – M1)/ #GS] / M1 ) x 100
where GR = growth rate, M1 = morphometric measurement of tree at time 1, M2 =
morphometric measurement of tree at time 2, and #GS = number of growing seasons.

Growth rate was analyzed only for the seventh growing season(2015) such that #GS was
equal to 1, in order to identify the strongest possible associations between tree growth
and colonizing vegetation parameters (the later were only measured in 2015). Growth
rates were reported in % change/growing season for height and ground diameter.
Analysis by one-way ANOVA was used to determine if there was a significant difference
in growth rates by stock type for the most recent growing season.

A single value was calculated to quantify vertical vegetation structure based on
the relativized sum of cover midpoints for each stratum of the cover board:

VCSSum = (S1 x 0.25 + S2 x 0.25 + S3 x 0.25 + S4 x 0.25)
where VCSSum is the relativized sum of the vertical structure of surrounding colonized
vegetation and S1, S2, S3, & S4 is the vertical cover midpoint value for each stratum of the
cover board.

Since there were four strata on the cover board and each stratum could have a minimum
cover midpoint value 0% and a maximum cover midpoint value of 97.5%, VCS Sum could
theoretically range from a value of 0% (if there was no vertical obstructions) to 97.5% (if
all strata were totally obstructed).
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Weighted averages (WA) of wetland indicator status based on horizontal cover
midpoint values were calculated for two assemblages of colonizing vegetation (dominant
species and again for all identified species) following calculations from Atkinson et al.
(1993):

WADom = (d1u1 + d2u2 + …+ dmum)
where WADom is the weighted average of the wetland indicator status of dominant
species, d1,d2,…dm are relative cover midpoint values of only the identified dominant
species in the horizontal cover plot (relativized so that the sum of all dominant species
covers are equal to 100%), and u1, u2,…um are the wetland indicator index values of each
species.

WAAll = (dw1u1 + dw2u2 + …+ dwmum)
where WAAll is the weighted average of the wetland indicator status of all identified
species (both dominant herbaceous and woody species), dw1,dw2,…dwm are the relative
cover midpoint values of identified dominant and woody species in the horizontal cover
plot (relativized so that the sum of both dominant herbaceous and woody species covers
are equal to 100%), and u1, u2,…um are the wetland indicator index values of each
species.

Colonizing vegetation parameters were assigned to three categories (Vertical Cover,
Horizontal Cover and Biomass) based on the scale at which measures were taken (Table
5).
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Table 2.5 Vegetation parameters by scale of measure with descriptions and naming
conventions.

For analysis, all vegetation parameters were standardized to z-value scores and
were normally distributed.

Within the statistical computing package R (version 3.1.2) statistical operations
were performed to characterize colonizing vegetation and determine if associations with
tree growth were present. A Principal Component Analysis was conducted to identify the
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main components contributing to variation within the colonizing vegetation data. By
selecting among correlated variables in the Principal Component Analysis the number of
vegetation parameters was reduced to 8 variables. These selected variables were
included in a Canonical Correspondence Analysis with horizontal cover values of
colonizing species that appeared in 2 or more plots around planted trees. Based on the
Canonical Correspondence Analysis results, 4 parameters of physical vegetation structure
and 1 hydrologic indicator parameter (based on plant composition) were selected for
hypothesis testing. Pearson product-moment correlations were employed to test the null
hypothesis evaluation of significant correlations among growth rates (both tree height and
tree ground diameter) and the 5 selected colonizing vegetation parameters.

Results
Planted Tree Composition and Growth
The analyzed subset of planted trees was composed of 7 to 12 individuals for each
species-stock type combination for a total of 116 individual trees and associated
colonizing vegetation. The subset represented 32.9% of the total population of the four
investigated species (Table 4).

Change in tree size for both height and ground diameter varied by species-stock
type combination over the course of the seven-growing-season study (Appendix D), and
the current study addressed tree growth during the most recent growing season (2015).
High variation in mean growth rates for both height and ground diameter were observed
(Figure 1). Results from one-way ANOVA indicated there was no statistically significant
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effect of stock type for the last growing season for height growth rate (F(2,113) = 2.70, p =
0.07) or for ground diameter growth rate (F(2,113) = 0.97, p = 0.38). Therefore, stock type
was ignored in correlation analysis between tree growth and colonizing vegetation
parameters to focus on species specific responses to surrounding vegetation.

Characterization of Colonizing Vegetation
A collection of 21 colonizing vegetation parameters, including 7 measures of
vertical cover, 9 measures of horizontal cover, and 5 measure of biomass (Table 5) were
included in an exploratory Principal Component Analysis (PCA) to determine
associations between vegetation parameters (Figure 2). The total amount of variance
explained by the first three components was 47.63%, with 34.47% of the variation in the
data explained in the first two components.

The most significant variables positively associated with PC1 were cover of all
herbaceous species (CovHerb), cover of dominant herbaceous species (CovDom), and cover
of herbaceous species other than dominant (CovOther); and variables negatively associated
with PC1 included cover of bare ground (CovBG), the cover of woody vegetation
(CovWood), and the number of colonizing woody individuals (Wood). The association of
these variables indicates a possible gradient of herbaceous to woody vegetation along the
first PC, with larger quantities of woody material associated with higher amounts of bare
ground, and larger quantities of herbaceous material associated with lower amounts of
bare ground.
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Figure 2.1 Mean growth rate of the last growing season (2015) for height (a) and ground
diameter (b) by species and stock type. Error bars represent standard error.
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Figure 2.2 Principal Component Analysis (PCA) of colonizing vegetation parameters.
Axes represent the first two most important principal components (PC). Markers
represent planted tree site within the PCA. Descriptions of vector labels appear in
Table 5.

On PC2, nearly all the direct measures of physical vegetation structure were
positively associated with this axis including total plot biomass (Bio All), biomass of
herbaceous species (Bio Herb), and total cover of all species (CovAll). Negatively
associated variables included hydrologic indicators of species composition such as
weighted average of the wetland indicator index value for all identified species (WA All)
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and the weighted average of wetland indicator index value for all identified dominant
species (WADom). These patterns indicated a hydrologically influenced gradient of
“vegetation intensity” on PC2 with increased levels of vegetation concentration (vertical
structure, cover, and biomass) associated with more hydrophytic vegetation and lower
levels of vegetation concentrations associated with plants linked to drier sites.

Additional vegetative parameter associations were explored using Canonical
Correspondence Analysis (CCA) by comparing vegetation parameters with horizontal
cover of colonizing species (Figure 3). Vegetation parameters used in the CCA were
selected based on PCA results. The longest vector from a cluster of variables was chosen
to reduce collinearity and increase the amount of variance which could be explained by a
preserved variable. Species richness (SR) was also included in CCA analysis despite its
short vector length because it was unique within its vector cluster, being the only
parameter in the cluster not derived from species wetland indicator status. Vegetation
parameters used in CCA included the relativized sum of the vertical structure of
surrounding colonized vegetation (VCSSum), the sum cover of all herbaceous species
(CovHerb), the cover of all herbaceous species other than dominants (CovOthers), the cover
of woody species (CovWood), the cover of bare ground (CovBG), plot species richness
(SR), the weighted average of wetland indicator index value of all identified plants in the
horizontal cover plot (WAAll), the sum of all biomass (Bio All), and the biomass of all
herbaceous species (Bio Herb).
The total amount of constrained variance explained by the first three axes of the
CCA was 79.3%, and 63.4% of the data was explained in the first two axes. The
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weighted average of wetland indicator index value of all identified plants in the
horizontal cover plot (WAAll) was the major contributing variable on CCA1, indicating a
probable hydrologic gradient that is wetter in positive association with CCA1. This was
reaffirmed by the distribution of colonizing species, principally arranged along CCA1
according to wetland indicator status such that strongly hydrophytic species were
positively associated with CCA1 (Table 6). Important and positively associated
variables on CCA2 included the sum cover of all herbaceous species (CovHerb) and the
cover of all herbaceous species other than dominants (CovOthers). Negative associations
included cover of woody species (CovWood) and cover of bare ground (CovBG). Similarly
to PC1 in the PCA, the distribution of vectors on CCA2 likely indicated a gradient of
woody to herbaceous colonizing vegetation abundance. The distribution of colonizing
vegetation within the CCA biplot may represent a gradient of successional development,
with tussock forming, perennial graminoids (J. effusus, P. virgatum, and S. cyperinus)
associated more with colonizing woody species (B. nigra, F. pennsylvanica, Q. bicolor,
and Q. palustris) and forbs and annuals (A. subcordatum, P. hydropiper, and B. cernua)
associated with one another. The only invasive species identified in the CCA (A.
hispidus) was not clustered with other species, possibly indicated that it did not conform
to the same vegetative structure patterns as the native species.
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Figure 2.3 Canonical Correspondence Analysis of the effect of selected colonizing
vegetation parameters on horizontal cover of colonizing vegetation. Descriptions of
vector labels appear in Table 5 and colonizing vegetation is listed in Table 6.
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Table 2.6 Colonizing species used in CCA analysis of vegetation parameters and
colonizing species horizontal cover with life strategy, growth habit, and wetland indicator
status (WIS). Data from NRCS (2015) Plant Database. Species are listed based on their
position along CCA 1. * indicates species listed as introduced to Virginia.
Species
Arthraxon hispidus*
Panicum virgatum
Juncus effusus
Scirpus cyperinus
Quercus bicolor
Betula nigra
Fraxinus pennsylvanica
Quercus palustris
Salix nigra
Alisma subcordatum
Leersia oryzoides
Bidens cernua
Persicaria hydropiper
Carex vulpinoidea

Common Name
small carpetgrass
switchgrass
common rush
wool grass
swamp white oak
river birch
green ash
pin oak
black willow
American water plantain
rice cutgrass
nodding beggartick
marshpepper knotweed
fox sedge

Life Strategy
Annual
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Annual
Annual
Perennial

Growth Habit
Graminoid
Graminoid
Graminoid
Graminoid
Woody
Woody
Woody
Woody
Woody
Forb
Graminoid
Forb
Forb
Graminoid

WIS
FAC
FAC
FACW
FACW
FACW
FACW
FACW
FACW
OBL
OBL
OBL
OBL
OBL
OBL

Tree Growth and Surrounding Vegetation
To test the null hypothesis, Pearson product-moment correlation coefficients were
calculated to assess the relationship between planted tree growth (growth rate of each
species for height and ground diameter in the most recent growing season) and selected
colonizing vegetation parameters (Table 7). Vegetation parameters included in
correlation analysis were selected based on PCA and CCA results which indicated that
variation in colonizing vegetation data was characterized primarily through three
gradients: physical vegetation intensity, site successional development, and hydrology.
The relativized sum of the vertical structure of surrounding colonized vegetation
(VCSSum) and the sum of all biomass (Bio All) were identified as representative of physical
vegetation intensity (with larger values indicating greater vegetation intensity), the sum
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cover of all herbaceous species (CovHerb) and the cover of woody species (CovWood) were
identified as representative of site successional development (with larger CovHerb values
being representative of earlier successional stages and larger CovWood values being
representative of more progressed successional stage), and the weighted average of
wetland indicator index value for all identified plants in the horizontal cover plot (WA All)
was identified as representative of a hydrologic indicator based on species composition
(with larger values indicating site associated with more facultative species).

Table 2.7 Pearson product-moment correlation coefficients between both planted tree
height and ground diameter growth rates and selected colonizing vegetation parameters.
Vegetation parameters include the relativized sum of the vertical structure of surrounding
colonized vegetation (VCSSum), the sum of all biomass (Bio All), the sum cover of all
herbaceous species (CovHerb), the cover of woody species (CovWood), and the weighted
average of wetland indicator index value for all identified plants in the horizontal cover
plot (WAAll). Bold values indicate correlations which were significant at p ≤ 0.1 and *
indicates correlations which were significant at p ≤ 0.05.

Species

VCSSum

B. nigra
S. nigra
Q. bicolor
Q. palustris

-0.21
-0.25
0.22
0.00

Species
B. nigra
S. nigra
Q. bicolor
Q. palustris

VCSSum
-0.05
-0.23
-0.15
0.03

Height
BioAll CovHerb CovWood
0.04
0.00
0.11
0.28

0.25
-0.04
-0.10
0.03

-0.02
0.10
-0.09
0.17

Ground Diameter
BioAll CovHerb CovWood
0.12
-0.21
-0.10
0.32
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0.22
0.06
0.26
0.00

0.21
-0.03
-0.08
-0.05

WAAll
0.22
0.60*
0.26
0.15

WAAll
0.07
-0.39
0.48*
0.12

A total of 40 correlations were analyzed including 2 growth parameters, 4 tree
species growth rates and 5 colonizing vegetation parameters resulting in 5 significant (p <
0.10) associations (Table 7). Marginally significant correlations (p ≤ 0.10) included
positive relationships between both height and ground diameter growth rates of Quercus
palustris and the sum of all biomass (Bio All). A marginally significant correlation (p ≤
0.10) related to hydrology negatively associated the weighted average of wetland
indicator index value for all identified plants in the horizontal cover plot (WA All) with
ground diameter growth rate of Salix nigra. Significant correlations (p ≤ 0.05) related to
site hydrology also included positive associations between the height growth rate of Salix
nigra and the weighted average of wetland indicator index value for all identified plants
in the horizontal cover plot (WAAll) and the ground diameter growth rate of Quercus
bicolor and the weighted average of wetland indicator index value for all identified plants
in the horizontal cover plot (WAAll).

Discussion
Characterization of Colonizing Vegetation
The first purpose of this study was to characterize the structure of vegetation
surrounding recently established, planted saplings in forested created wetland sites. Data
collected from colonizing vegetation surrounding planted trees was characterized through
ordination analysis and revealed three primary gradients describing variation in the data.
These gradients were described as physical vegetation intensity, site successional
development and hydrology.
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The first of these gradients, physical vegetation intensity, was expressed in the
second axis (PC2) of the Principal Component Analysis (PCA, Figure 2) and to a lesser
extent, on the first axis (CCA1) of the Canonical Correspondence Analysis (CCA, Figure
3). The gradient indicated measured variables of physical vegetation structure (i.e. those
which quantifying the amount of vertical structure, cover, or biomass) increased, or
became more intense, opposite from the hydrologic indicator variables in the ordinations.
This gradient indicated that relatively drier sites supported lesser amounts of colonizing
vegetation in terms of vertical structure, cover, and biomass.

One explanation for the vegetation intensity gradient may be provided through an
examination of the colonizing species distribution on the CCA biplot (Figure 3). The
only closely and positively associated species with the wetland indicator derived value
(WAAll) was Arthraxon hispidus. This species is an annual grass which favors moist, full
sun sites associated with disturbance, is considered invasive throughout the mid-Atlantic
region, and was the only introduced species included in the CCA (Swearingen et al. 2010,
NRCS 2015). In the current study, A. hispidus was relatively short (approximately 20-40
cm) and was often found growing over other vegetation with occasional individuals of
other species pushing through mats of A. hispidus. The open yet sprawling nature of this
species often resulted in A. hispidus dominated plots having moderate horizontal cover
estimates and relatively low measures of vertical structure and biomass. These
observations are validated through interpretation of the CCA in which sites with high
values of weighted average of wetland indicator index value for all identified plants in the
horizontal cover plot (WAAll) being more likely to be associated with a high covers of A.
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hispidus and low vegetative intensity (i.e. lower biomass and vertical structure).
Therefore, much of the variation in the vegetation intensity gradient may be attributed to
Arthraxon hispidus dominated sites having extremely low vegetation intensities
compared to sites associated with other species.

An alternative explanation for the vegetation intensity gradient may be that
relatively drier sites were able to support increased growth of planted trees, which may
have suppressed growth of surrounding vegetation. Trees planted in relatively drier
locations within restoration sites are known to perform better compared to those trees
associated with the wettest site locations. In a study of Atlantic white cedar
(Chamaecyparis thyoides) within a restoration site, trees grew best at intermediate
elevations, likely due to increased inundation found at lower elevations within sites
(Harrison et al. 2003, Brown and Atkinson 1999) and increased competition with
facultative species at higher elevation sites (Brown and Atkinson 1999). If the drier sites
in the current study represent conditions similar to the intermediate elevations described
by Brown and Atkinson (1999) then tress planted in these sites may have outperformed
other planted trees in the study, resulting in larger planted trees with greater site influence
capable of suppressing surrounding colonizing vegetation. However, determining the
influence of planted tree structure on surrounding vegetation was not within the scope of
this study and casual relationships were not investigated.

The second gradient considered within the colonizing vegetation data was
successional development. General models of forested wetland succession indicate a
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dominance of annuals and forbs at early successional stages, a dominance of perennials
and graminoid species in intermediate stages, and dominance by woody species at late
stages (Mitsch and Gosselink 2007, Campbell et al. 2002). This successional gradient
was expressed along the first axis (PC1) of the Principal Component Analysis (PCA,
Figure 2) and the second axis (CCA2) of the Canonical Correspondence Analysis (CCA,
Figure 3). Indicators of early successional stages, such as higher rates of horizontal
coverage and biomass of herbaceous species (CovHerb and BioHerb respectively), were
positively associated with both PC1 and CCA2 and indicators of later successional stages,
such as higher rates of horizontal coverage of woody species (CovWood) and increased
vertical structure of colonizing vegetation (VCSSum) were negatively associated with
associated with PC1 and CCA2. Coverage of bare ground was also negatively associated
with these axes indicating that later stage successional sites may be suppressing
surrounding species. In a comparison study of created and natural wetlands of various
age classes, Campbell et al. (2002) found total vegetation cover and species richness was
higher in younger sites. These findings correspond with the current study which found
total cover (CovAll) was positively associated with PC1 and species richness (SR)
positively associated on PC1 and CCA2. Further trends related to the successional
gradient can be observed when hydrologic considerations are included.

The final gradient within the colonizing vegetation data was hydrology which was
primarily seen in the second axis (PC2) of the Principal Component Analysis (PCA,
Figure 2) and on the first axis (CCA1) of the Canonical Correspondence Analysis (CCA,
Figure 3). Although not measured directly in this study, site hydrology was interpreted
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through species composition around planted trees by use of wetland indicator index
values. The most representative of these variables, as indicated by the PCA, was the
weighted average of wetland indicator index value of all identified plants in the
horizontal cover plot (WAAll). This variable is closely related to the Prevalence Index
which has been used in regulatory wetland delineations (Gage and Cooper 2010) and has
been shown to be a reliable indicator of hydric soils and hydrology (Best et al. 1990),
particularly in created forested wetlands (Atkinson et al. 1993). The position of the
wetland indicator index derived vectors in the PCA and CCA indicated that relatively
drier sites were associated with early succession characteristics and less vegetation
intensity and relatively wetter sites were associated with later successional characteristics
and higher vegetation intensities.

These trends may be better explained by groupings of colonizing species across
the CCA biplot (Figure 4). Three main groupings of species, largely associated by
species wetland indicator status (Table 6), appear to represent distinct hydrology based
successional series: (1) an ‘Arthraxon hispidus series’ associated with site hydrology
favoring facultative species, (2) a ‘tall graminoid-mixed hardwood species series’
associated with site hydrology favoring facultative wetland species and (3) a ‘forb-Salix
nigra series’ associated with site hydrology favoring obligate wetland species. The first
grouping consisted of only one species, Arthraxon hispidus, which was isolated from
other colonizing species at the far right of the biplot. The isolation of this species in the
CCA biplot is reasonable since A. hispidus is a shade-intolerant, invasive species prone to
colonization of disturbed cites (Swearingen et al. 2010) and would likely not align with a
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natural successional progression. The second major grouping consisted of facultative
wetland species associated in a successional series along the second axis. Tall graminoid
perennials (Juncus effusus, Panicum virgatum, and Scirpus cyperinus) progressed evenly
down the second axis toward primary woody species (Betula nigra, Fraxinus
pennsylvanica), ending with Quercus bicolor, a secondary successional woody species.
The final grouping had obligate wetland species associated in a successional series with
annuals/forbs (Bidens cernua, Persicaria hydropiper, and Alisma subcordatum) and
small graminoids (Carex vulpinoidea and Leersia oryzoides) at the top-right of the biplot
and ending with Salix nigra at the bottom-right corner of the biplot.

In a study describing succession in created freshwater wetlands, Matthews and
Endress (2010) found that relative cover of life history groups (summarized under “Life
Strategy” and “Growth Habit” in Table 6 for the colonizing species in the CCA) were
more predictive of site successional status than changes in cover of individual species
alone. With the exception of the isolated A. hispidus group, the described groupings are
associated with clear life history progressions and may represent three successional series
within the studied phases. These successional series appeared to represent a range of
successional development around planted trees within the created wetlands after sevengrowing-seasons and appeared to be strongly influenced by slight differences in site
hydrology.
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Figure 2.4 Canonical Correspondence Analysis of the effect of selected colonizing
vegetation parameters on horizontal cover of colonizing vegetation with three proposed
successional series based on species groupings as identified by shaded boxes.
Descriptions of vector labels appear in Table 5 and colonizing vegetation is listed in
Table 6.

The three described gradients revealed important characteristics regarding
colonizing vegetation surrounding planted trees in three created forested wetlands.
Firstly, dominance of invasive species (Arthraxon hispidus) around colonizing trees may
have notably impacted the variation in vegetation structure across sites. Results also
suggest plots dominated by A. hispidus may not fit with the context of natural
successional progressions. Invasive species can displace native species, reduce
biodiversity, and impede natural ecosystem functions (Westbrooks 1998) and their
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presence in created wetlands may hinder the goals of successful wetland mitigation. A
better understanding of the site specific characteristics which result in favorable
conditions for colonization by A. hispidus, and other invasive wetland species, should be
developed in order to prevent the negative impacts associated with these species.

The characterization of colonizing vegetation surrounding planted trees also
revealed that planted trees may be influencing site conditions. Care should be taken
when attempting to interpret causal relationships from this study. Planted trees may be
influencing surrounding vegetation just as colonizing vegetation may be influencing
planted trees. As planted trees grow larger they are more likely to exhibit greater
influence on surrounding vegetation. The ultimate goal of forested wetland creation for
mitigation purposes is to replace the structure and function lost as a result of wetland
impacts (NRC 1992) and therefore increased influence by planted trees may be a positive
indication of target ecosystem development.

Associations between Tree Growth and Vegetation
The second purpose of this study was to investigate possible relationships
between colonizing vegetative structure and planted tree growth. Correlation analysis
(Table 7) included variables most representative of the three gradients identified by
characterizing colonizing vegetation structure (physical vegetation intensity, site
successional development, and hydrology). Variables characteristic of physical
vegetation intensity and site successional development were both quantitative measures
of physical vegetation structure (the relativized sum of the vertical structure of
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surrounding colonized vegetation (VCSSum), the sum of all biomass (Bio All), the sum
cover of all herbaceous species (CovHerb), and the cover of woody species (CovWood)) as
compared to a variable characteristic of hydrology which was an indicator variable based
species composition and coverage (the weighted average of wetland indicator index value
for all identified plants in the horizontal cover plot (WA All)). These variables were used
to test the null hypothesis: There is no relationship between the structure of colonizing
vegetation surrounding planted trees and growth of planted trees in created forested
wetlands.

A total of 5 significant relationships were identified in this study and provided
support to reject the null hypothesis. However, the majority of the investigated
correlations (35 or 87.5%) resulted in no significant relationships, indicating that there
were limited interactions between colonizing vegetation and tree growth. Significant
relationships included two positive correlations with the sum of all biomass (Bio All),
which was a representative variable of the physical vegetation intensity gradient, and
three correlations with the weighted average of wetland indicator index value for all
identified plants in the horizontal cover plot (WAAll), which was a representative variable
of the hydrology gradient.

Findings among studies vary regarding relationships between planted trees and
quantitative measures of vegetation structure in forested wetlands. Recommendations
from early bottomland hardwood forested wetland mitigation efforts in the southeastern
United States suggested that planted saplings benefited from tall surrounding herbaceous
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communities by providing saplings with shelter from heat and wind (Clewell and Lea
1989). This recommendation suggests a positive effect between vegetation intensities
and planted tree growth. Other restoration studies of severely degraded bottomland
hardwood forested wetlands found that chemical or mechanical removal of vegetation
around planted trees had little-to-no effect on tree growth (McLeod el al. 2000, Twedt
and Wilson 2002), suggesting that the presence or absence of colonizing vegetation had
no effect on tree growth. Another bottomland hardwood forest reforestation study,
conducted on abandoned agricultural fields, found that the presence of a surrounding
herbaceous community severely limited the growth of planted Nuttall oak (Quercus
nuttallii) seedlings (Gardiner et al. 2007) indicating a negative relationship existed
between surrounding vegetation and tree growth. These conflicting reports suggest that a
range of relationships may exist between planted tree growth and colonizing vegetation in
forested wetlands. The results of this study provided possible evidence supporting both
positive relationships and no effect of colonizing vegetation on tree growth in created
forested wetlands; however evidence of negative effects were marginally non-significant
(Table 7).

The positive relationships observed in this study for the sum of all biomass
(BioAll) and both height and ground diameter growth of Quercus palustris provided the
best evidence supporting a positive relationship between physical vegetation structure
and planted tree growth. These relationships indicated that individuals of Q. palustris
exhibited greater growth rates, both in terms of height and ground diameter, as the
amount of biomass around them increased. Increased biomass of colonizing vegetation
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may have provided increased shelter for planted Q. palustris saplings as suggested by
Clewell and Lea (1989), or some other facilitative effect of colonizing vegetation may
have influenced tree growth, such as mitigation of extreme fluctuations in water table
through increased transportation (McLeod et al. 2001).

An alternative explanation to the positive relationship between biomass and Q.
palustris growth may be that increased tree growth was the result of site conditions which
also caused an increase in the biomass of colonizing vegetation. This would result in a
correlative rather than causal relationship between tree growth and surrounding
vegetation. Plot biomass, for example, has been shown to be positively correlated with
soil nutrient concentrations in wetlands (DeLaune 1979, Wetzel and van der Valk 1998)
and soil nutrient concentrations are generally positively associated with tree growth
(Watson 2006). Quercus palustris may have exhibited increased growth in plots with
increased biomass accumulations where soil nutrient concentrations were higher, and
physical vegetation structure may have exerted no direct effect on tree growth. Inherent
differences in the absorption and utilization of soil nutrients among a tree species, as
reported by Goddard and Hollis (1984), may provide an explanation for Q. palustris
being the only investigated species to exhibit a significant relationship between biomass
and tree growth. Information related to specific ranges of ideal soil nutrient
concentrations for growth of the investigated planted tree species was not found in
literature searches; however one study on the fertilization effects on nutrient uptake
indicated that Q. palustris responded more slowly in nutrient uptake than Q. bicolor
(Kramer 2008). The significant correlations between tree growth and biomass for Q.
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palustris in this study may indicate availability of nutrients effects growth of Q. palustris
differently than the other investigated species. However, determining causality was not
the focus of this investigation and analysis of vegetation tissue nutrient concentrations
and soil analysis was not conducted. Future studies on the growth of planted trees in
created wetlands may benefit from direct measures of soil nutrient availability and the
ability of investigated species to take up nutrients.

Most of the analyses of physical vegetation structure found no significant
correlation between tree growth and colonizing vegetation. These findings agree with
those of McLeod el al. (2000) and Twedt and Wilson (2002) who found little-to-no
evidence to support that relationship existed between vegetation and planted tree growth
in a young forested wetland. However, it is possible that both positive and negative
effects of vegetation on tree growth may occur simultaneously resulting in each
relationship masking the other. The result would be no measurable relationship between
surrounding vegetation and tree growth. A similar effect has been described in salt marsh
plants in which diffuse or immeasurable effects of plant growth were observed when
target species were grown alone as compared with target species grown in mixed
communities comprised of several species known to have both facilitative and
competitive impacts on the target species (Callaway and Pennings 2000). Therefore, it
may be most appropriate to state that no effect was observed for the majority of the tested
correlations as possible positive and negative effects may have co-occurred but could not
be distinguished in this study.
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Correlations related to the variable representative of the hydrology gradient
included the most significant associations. The significance of this variable is not
unexpected when considering the importance of hydrology to tree growth in created
wetlands. Duration, depth and frequency of inundation are all known to significantly
influence tree productivity (Mitsch 1991). Site hydrology is also known to be major
component affecting tree growth in created wetlands (Patterson and Adams 2003, Spieles
2005, Matthews and Pociask 2015). All of the tree species in this study are adapted to
grow in conditions associated with forested wetlands (Burns and Honkala 1990).
However created wetland sites often exhibit a range of hydrologic regimes that may be
more extreme than those found in natural wetlands (Morgan and Roberts 2003, Matthews
and Pociask 2015). Trees planted in wettest portions of created wetlands often do not
perform as well as those planted in more hydrologically moderate sites.

In the current study, tree growth generally responded to hydrologic conditions as
expected with positive correlations exhibited in nearly all associations between tree
growth and the hydrology indicator value. This indicated that trees performed better in
drier plots. The sole exception was the growth in ground diameter of Salix nigra, which
demonstrated a moderately significant, negative correlation with the weighted average of
wetland indicator index value for all identified plants in the horizontal cover plot (WA All,
r = -0.39), suggesting S. nigra ground diameter growth rates increased as vegetation
composition become more associated with wetter site hydrology. This correlation was in
direct contrast to the correlation between S. nigra height growth rates and site hydrology
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(r = 0.60) which suggested height growth increased for S. nigra as vegetation
composition became more associated with drier site hydrology.

One possible explanation for these observations is a change in growth strategy for
S. nigra along the hydrologic gradient. Salix nigra is known to be shallow rooted and
suckers readily from trucks and exposed roots when flood waters damage stems or
deposit sediments around exposed structures (Burns and Honkala1990). Increased
flooding and sedimentation in wetter portions of these sites would have likely increased
suckering and resprout growth of planted S. nigra. Therefore, stem diameter of S. nigra
may have been influenced by associated coppice and re-sprouting in response to the
hydrologic gradient, as represented by the weighted average of wetland indicator index
value for all identified plants in the horizontal cover plot (WAAll).

Although significant correlations were identified in this study between tree
growth and attributes of colonizing vegetation, which provided support to reject the null
hypothesis, there is little evidence to support that surrounding vegetation directly
influenced tree growth. Explanations of correlative relationships are just as, or more,
likely than explanations of causal relationships. However there was no direct evidence
supporting negative relationships, correlative or causal, between vegetation structure and
tree growth. Therefore, after seven-growing-seasons, the majority of surviving planted
trees may experience no observable negative influences from unaltered colonizing
vegetation in created forested wetlands.
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Conclusion
The null hypothesis in this investigation was that there was no relationship
between the structure of colonizing vegetation surrounding planted trees and growth of
planted trees in forested created wetlands within the Piedmont Province of Virginia.
Based on the results of correlation testing between tree growth rates and representative
vegetation parameters we can reject this hypothesis since significant relationships were
identified. However, the majority of the investigated correlations did not result in
significant relationships and one of the four investigated planted tree species was not
associated with any significant correlations. These findings suggest that planted tree
species vary in response to surrounding vegetation in created forested wetlands.

None of the significant findings presented evidence of a negative association
between increased physical structure and tree growth. Managers of created forested
wetland sites should be cautious when controlling vegetation around recently established
planted trees as there may be little-to-no benefit, and possible harm, to tree growth by
eliminating this vegetation. It is recommended that vegetation control of native species
around planted trees be avoided, especially in sites which have been established for at
least seven-growing-seasons. Vegetation control of invasive species should be
approached with project goals in mind. No negative effect on tree growth was
attributable to the presence of non-native plants; however, variation in the characteristics
of vegetation structures surrounding planted trees appeared to be related to the occurrence
of an invasive species. Since vegetation structure may be related to various ecosystem
functions in wetlands (Kadlec and Knight 1996, Smith 2008, Cole 2002, Atkinson and
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Cairns 2001, Cole 2002, Wolf et al. 2011) an invasive species may impact desired
ecosystem functions.

While specific trends related to vegetation structure and tree growth were
observed across the three study sites, a geographically and temporally wider investigation
of vegetation structures could help developed a more comprehensive understanding of
possible influences of vegetative structure on created forested wetland development and
help to improve success of future created forested wetland projects.
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APPENDIX A: SITE PHYSIOCHEMICAL VARIABLE RANGES
Ranges of measured physiochemical parameters across all sites as reported by Wurst (2014)

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

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
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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

APPENDIX B: LOCATION OF FIELD SITES, PLOTS, AND TREES
(modified from Hudson et al. 2013 and Wurst 2014)
Field Study Sites Locations - Loudoun County, Virginia, USA
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APPENDIX B: LOCATION OF FIELD SITES, PLOTS, AND TREES (cont.)
Phase 1 with plots shown in green markers and individual trees shown in light blue markers.
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APPENDIX B: LOCATION OF FIELD SITES, PLOTS, AND TREES (cont.)
Phase 2 with plots shown in green markers and individual trees shown in light blue markers.
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APPENDIX B: LOCATION OF FIELD SITES, PLOTS, AND TREES (cont.)
Phase 3 with plots shown in green markers and individual trees shown in light blue markers.
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APPENDIX C: PERCENT SURVIVAL OF PLANTED TREES BY SEPCIES AND
STOCKTYPE
Survival of planted tree species and stock types at the conclusion of the seventh growing season
(2015) across the entire study area, n = 1596 (a) and across the subset of plots selected for
vegetation analysis in the current investigation, n = 504 (b). Dashed line represents mean
survival (%) for entire species.
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APPENDIX D: TREE GROWTH BY SPECIES-STOCKTYPE COMBINATION OVER
THE ENTIRE STUDY PERIOD

Mean size of trees included in analysis of the current study ( n =116) by morphometric
parameter and species-stock type combination from time of planting (P) through the
seventh growing season (7) for height (a) and ground diameter (b). Error bars represent
standard error.
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