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Forested wetlands are the most frequently lost wetland type in the Eastern United 

States, and tree establishment efforts in created wetlands may be inadequate where 

survival rates are low. The purpose of this study is to evaluate survival rates using 

environmental variables as predictors of survival for seven woody plant species and 

three stocktypes. Trees were planted in March of 2009 in three created wetlands in 

Loudoun County, Virginia and survival was assessed annually during early August 

from 2009 to 2013.  Overall survival after five years was 44.4% and survival was 

lowest between the first and second growing seasons.  Survival of Quercus palustris 

in 1-gallon pots stocktype was highest (76.3%), and Q. phellos in tubeling stocktype 

was numerically lowest overall (7.95%). Survival rate was negatively related to 

organic matter content in the soil; however, few other patterns were observed.   
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CHAPTER 1 – LITERATURE REVIEW, DETAILED SITE DESCRIPTION 

AND METHODS 

 

INTRODUCTION 

Wetlands are a frequently impacted type of ecosystem (Dahl 2011).  Losses of 

wetlands are due to ditching and draining for agriculture and forestry practices, 

construction of reservoirs, and urban and suburban development and expansion (Dahl 

and Johnson 1991).  Wetlands provide several ecosystem services such as water 

retention, nutrient uptake, and storm water management (Mitsch and Gosselink 2000).  

 

Section 404 of the Clean Water Act of 1977 regulates impacts to wetlands and 

requires mitigation of wetland impacts including compensation for losses. Wetland 

creation, a form of compensation, requires monitoring of the site for up to 10 years post 

construction, and established performance standards are used to measure success of 

created wetlands.  Many compensation sites are required to reach site specific stem 

density goals (VADEQ 2004). 

 

Stem density goals for trees in created wetlands can be reached by a 

combination of colonization and planting.  Wetland compensation practitioners must 

select from several tree species and stocktypes that may be available, however there is a 

paucity of research regarding the effect of environmental conditions on tree survival 

subsequent to their planting.  The purpose of this study was to investigate survival of 
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seven tree species (Betula nigra, Liquidambar styraciflua, Platanus occidentalis, 

Quercus bicolor, Q. palustris, Q. phellos, and Salix nigra) and three stocktypes (bare 

root, tubeling, and 1-gallon pots) using environmental variables.   

 

WETLAND LOSS 

From the mid-1780’s through the mid-1980’s approximately 53% of all wetland 

types were lost in the United States, a loss of 89,435,000 hectares (Dahl and Johnson 

1991).  Despite increased regulation and protection of wetlands, these habitats continue 

to be impacted. For example, Dahl (2011) reported that an additional 256,166 ha of 

freshwater forested wetlands were lost between 2004 and 2009.  Virginia has lost 

approximately 42% of its total wetlands from 1780 through 1980, a loss of 748,263 ha 

(Dahl 1990), with a continued annual loss of 1,011 ha (Tiner and Foulis 1994).  

Forested headwater wetlands are the most frequently lost wetland type (Tiner and Finn 

1986), with losses typically resultant from urbanization, agriculture and ditching (Dahl 

and Johnson 1991).   Cumulative loss of wetlands can lead to a decrease in productivity 

of river systems, and increases in downstream eutrophication (Freeman et al. 2007).   

 

WETLAND FUNCTION 

Wetland functions are processes that occur in wetlands, and have been defined 

by the National Research Council (NRC 1995) as “all processes and manifestation of 

processes that occur in wetlands”.  Some of these functions include long-term surface 

water storage, maintenance of a high water table (Smith et al. 1995), transformation and 
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cycling of elements (Dosskey et al. 2010), retention and removal of dissolved elements, 

and accumulation of inorganic sediments (Lowrance et al. 1997). 

 

A subset of functions in wetlands are considered biogeochemical.  

Biogeochemical functions include cycling, transforming, and removing nutrients (NRC 

1995, Smith et al. 1995).  Wetlands can also enhance water quality through the trapping 

of sediment by trees in wetlands (Rotman 1998).   The ability of a wetland to remove 

sediments and nutrients is related to the amount of plant cover in the wetland (Kadlec 

and Knight 1996).  Trees and herbaceous vegetation help trap sediment. Stems and root 

of vegetation found in a wetland slow ground water flow which leads to sediment 

falling out of suspension. This not only removes sediment and nutrients but also helps 

to stabilize existing soils (Dosskey et al. 2010).  

 

Microorganisms associated with plant stems, leaves, and roots provide many of 

the biogeochemical functions of wetlands (Smith et al. 1995).  Elements and nutrients 

can be removed or transformed by root-associated microorganisms, or can be stored in 

the soil in the form of organic matter, or in the woody tissue of trees.  Retention and 

removal of dissolved nutrient and elements also involves the reduction of elements 

between the inflow and outflow from the wetland (Gambrel and Patrick 1988).  Water 

can leave a wetland as groundwater outflow, surface water outflow and 

evapotranspiration (Mitsch and Gosselink 2000).  The primary water quality functions 

provided by forested wetlands are the transformation and retention of nutrients (Craft 

and Casey 2000), denitrification, carbon cycling and retention of sediments (Noble et al. 
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2011).  Wetland loss can be detrimental to surrounding systems, because the 

modification of forested headwater wetlands can increase downstream eutrophication, 

and coastal hypoxia (Freeman et al. 2007).  

 

FORESTED HEADWATER WETLANDS 

 

Forested headwater wetlands are located in the upper reaches of non-tidal 

freshwater streams and wetlands in this landscape have been found to perform functions 

that improve water quality in downstream ecosystems (Rheinhardt et al. 1998).  

Forested wetlands are the wetland type most frequently lost in the Eastern U.S. (Dahl 

1990, Tiner and Finn 1986, USGS 1999), and are characterized by more than 50% 

coverage by woody vegetation over 6 m tall (Cowardin et al. 1979).   Forested 

headwater wetlands also can enhance water quality through nutrient uptake and 

retention, denitrification, and sediment trapping (Lowrance et al. 1997).   

 

Nutrient uptake by forested headwater wetlands is of critical importance in the 

mid-Atlantic region as it reduces eutrophication of the Chesapeake Bay and surrounding 

estuaries (Lowrance et al. 1997).  Headwater wetlands play an important role in 

reducing eutrophication by sequestering, primary production nutrients into local 

biomass, holding those nutrients from being transported downstream.  Trees are 

important to this process because they provide long term storage of these nutrients 

(Dosskey et al. 2010). 
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WETLAND MITIGATION AND COMPENSATION 

 

In the United States, wetlands are often created as part of a permit (NRC 1992) 

as mitigation to offset anthropogenic impacts to natural wetlands.  Wetland impacts are 

regulated by Section 404 of the Clean Water Act (CWA) 1977 (33 U.S.C § 1251 et 

seq.), which requires permits for activities that may impact wetlands.  Wetland 

mitigation is a process that allows for permitted wetland impacts while supporting the 

intent of the Clean Water Act, which was established to protect the physical, biological, 

and chemical integrity of the nation’s waters. Mitigation is a three-step process that 

includes avoiding impacts to wetlands, minimizing any impacts deemed unavoidable, 

and compensating for remaining impacts. When wetland impacts are unavoidable, 

methods of compensation include 1) creation of new wetlands, 2) restoration of 

converted wetlands, 3) enhancement of existing wetlands, and 4) preservation of 

existing wetlands (USACE 2008).   

 

The overall goals of compensation sites are to replace the structure, function and 

ecosystem services that were lost during the permitted impact (33 C.F.R. PART 332.3).  

Compensation requirements may be specific or general (Streever 1999), and each 

compensation site has a number of project-specific goals that must be met in order to be 

considered successful, or in compliance with permit conditions (Zedler and Callaway 

1999).   
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PERFORMANCE STANDARDS 

 

Performance standards for compensation sites are used in order to make sure 

that the created wetland is replacing the function lost of the natural wetland and is self 

sustaining. Performance standards for compensation sites are required to be clear, 

objective, verifiable, based on the best available science and able to be assessed in a 

practical manner (33 CFR PART 332.5).  

 

 Performance standards are not standardized and are determined on a project to 

project basis (USACOE 2008a). Common performance standards include 1) planted 

stock survival rate, 2) plant density or percent cover by plants, 3) parameters used in 

wetland delineation, 4) vegetation indices, and 5) presence or abundance of exotic and 

nuisance plant species (Streever 1999).   

 

Performance standards often include components of site hydrology, soil, and 

vegetation (VADEQ 2004).  The hydrologic performance standards require the presence 

of positive hydrology indicators for a wetland in the 1987 Wetland Delineation Manual 

(the “manual”, USACOE 2008b). According to the manual, soils should be saturated in 

the upper 12 inches (30.5 cm) for greater than 5% of the growing season (2 consecutive 

weeks in Virginia) as a positive hydrology indicator.  The performance standards for 

soils, when required, is the presence of any hydric soil indicators including low soil 

chroma, a sulfidic odor, and presence of certain organic accumulations among other 

redoximorphic features. Hydric soils are soils that are sufficiently wet in the upper part 
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to develop anaerobic conditions during the growing season (NRC 2001).  The 

vegetation performance standards are specific for woody and herbaceous strata.  

Requirements for woody vegetation can include having greater than 50% relative 

dominance of woody vegetation classified as hydrophytes. A common performance 

standard in Virginia is the number of stems per acre, and 200-400 stems per acre or 

30% canopy cover is required for created wetland success (VADEQ 2004).  Common 

herbaceous vegetation standards include dominance of hydrophytes, i.e. > 50% relative 

dominance of species that qualify as hydrophytes in a region according to the USDA 

Plants Database (USDA 2014).  The development of these performance standards or 

goals are to ensure that restored or created wetlands are meeting wetland criteria 

specified in the 1987 Delineation Manual (USACOE 2008b).   

 

Breaux and Serefiddin (1999) studied 116 compensation sites in San Francisco, 

California, and the majority of performance standards focused on vegetation including 

cover, survival, height, and diversity.   Other common performance standards that are 

measured include survival of planted vegetation; composition of the colonizing plant 

community including native species, floristic quality index; and determining the 

presence or abundance of exotic or weedy species (Matthews and Endress 2008). 

 

Performance standards for evaluating woody vegetation are poorly established 

(Streever 1999) which may be due to limited information on growth rates of planted 

trees in restored and created wetlands (Pennington and Walters 2006).  However, 

Virginia has established performance standards for woody vegetation that require trees 
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to have an average increase in height of 10% per year until the 5
th

 and 10
th

 year 

following restoration or creation, which applies until woody vegetation canopy 

coverage exceeds 30% (VADEQ 2010a).  

 

Most ecological performance standards are structural measures, rather than 

direct measurements of wetland functions (Streever 1999).  As a result, measurements 

of the vegetative community may not reliably reflect indicate the functionality of a 

created wetland (Simenstad and Thom 1996). In fact, many assessments of the success 

of created wetlands are actually measurement of structure rather than underlying 

functionally of the system (Wilson and Mitsch 1996).   

 

Wilson and Mitsch (1996) also indicated that success in meeting regulatory 

obligations does not guarantee that wetland functions will be replaced.  Ambrose 

(2010), in a study of wetland compensation sites in California, determined that no 

project successfully restored lost wetland functions, and concluded that monitoring 

requirements need to be improved.  NRC (2001) found that approximately 50% of 

surveyed sites fail to meet performance standards and concluded that mitigation is not 

restoring lost wetland functions. In many cases, even when a compensation site is 

meeting all performance standards, it is not necessarily a successful wetland, because 

the goals are too modest (Matthews and Endress 2008). It is therefore important to 

establish measurable, realistically achievable performance standards that will allow for 

the establishment of a wetland that provides lost ecosystem services from the 

destruction of a natural wetland (Streever 1999).  
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TREE ESTABLISHMENT  

 

Tree establishment is often the most difficult task in offsetting forested wetland 

losses (Matthews and Endress 2008, Sharitz et al. 2006, Gamble and Mitsch 2006).  

Forested wetlands may require decades to develop certain structural and functional 

characteristics.  Niswander and Mitsch (1995) found that up to 50 years may be 

required for a tree planted in a compensation site to reach the same basal area of a tree 

in a natural forested wetland.  Many wetlands are unable to meet woody stem density 

requirements (Matthews and Endress 2008) and failure to meet these goals may result 

from inadequate planting density; limited colonization from surrounding seed sources 

(Spieles 2005, Hudson 2010); poor survival of planted trees due to unfavorable site 

conditions; or other causes such as bad planting stock (Burdett 1990).  If directly 

seeding, seedling success can also be affected by seed size, depth of planting, 

germination rate, and genetic makeup (Sweet and Wareing 1966).  

 

Tree establishment is made more difficult by the construction processes 

involved in wetland construction. Creating wetlands often includes removal of upper 

soil surfaces to the depth of the season high water table resulting in soil compaction, 

lower organic content, and higher bulk density.  Created wetlands also have greater 

predominance of gravel and larger particle sizes when compared to natural wetlands 

(Campbell et al. 2002, Daniels et al. 2005, Bailey et al. 2007).  
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 Two major sources of stress in the Piedmont Province on seedlings come from 

soil texture and hydroperiod.  The clay rich soils common to the Piedmont, are often 

uncovered when wetlands are created.  Anoxic soil conditions associated with long 

hydroperiods are the greatest stressor across wetland types (Mitsch and Gosselink 2007) 

and especially in created wetlands (Atkinson et al. 1993, Daniels et al. 2005).  Anoxia is 

particularly harmful to vegetation where clay soil textures further limit soil drainage and 

aeration.   

 

TRANSPLANT SHOCK AND WATER UPTAKE 

 

Successful seedling establishment depends on site conditions and seedling 

quality at time of planting (Rietveld 1989). The extent to which seedling roots grow into 

the surrounding soil will determine whether a seedling survives planting (Grossnickle 

2005).  Newly planted seedlings often lack extensive root systems and are frequently 

stressed by insufficient water uptake (Kozlowski and Davies 1975).  Transplant shock, 

or planting check, is a frequent but often temporary tree response to out planting that 

can result in mortality (Kozlowski and Davies 1975).  Outplanted tree roots may have 

poor root to soil contact and a low root to shoot ratio such that water absorption cannot 

keep pace with transpirational water loss (South and Zwolinski 1996).  The ability of a 

seedling to take up water is affected by its root system size and distribution, root to soil 

contact, and root hydraulic conductivity (Burdett 1990).  Plants that are unable to 

sufficiently uptake water are more susceptible to injury from other causes such as 
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weather, insects, or disease, which can ultimately lead to seedling mortality 

(Grossnickle 2000). 

 

HYDROLOGY  

 

Matching planted tree species to site conditions, especially site hydrology, is 

critical for success in afforestation of forested headwater wetlands (Morgan and Roberts 

2003, Stanturf et al. 2004).  The depth and duration of flooding affects both tree growth 

as well as the composition and distribution of plant communities (Teskey and Hinckley 

1977, Kozlowski 1979, Mitsch and Rust 1984).  Hydrology also greatly impacts 

wetland productivity, nutrient availability, and tree mortality (Conner 1994, Mitsch and 

Gosselink 2000).  Several studies of created wetlands have reported that permit goals 

were not met due to improper hydrologic conditions (Atkinson et al. 1993, Willson and 

Mitsch 1996, Morgan and Roberts 2003).  

 

Water being present in the root zone can affect tree growth both positively and 

negatively (Spurr and Barnes 1973).  Flood events can be beneficial to wetland trees 

because floods often transport and deposit nutrient rich sediment and Mitch and Rust 

(1984) reported that chemical changes in flooded soil may increase availability of some 

micronutrients. However, prolonged inundation during the growing season can lead to 

reduced growth in trees.  The absence of oxygen in the root zone, due to inundation, 

decreases the ability for the tree to respire and therefore slows growth, and can lead to 

mortality (Broadfoot and Williston 1973).   
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 COMPETING VEGETATION 

 

The presence of herbaceous vegetation influences seeding survival.  Seedlings 

often have decreased survival with competing herbaceous vegetation (DeSteven 1991).  

Lower survival rates can be attributed to competition for resources such as nutrients and 

sunlight (Gill and Marks 1991).  Herbaceous vegetation can also lead to increased 

predation on seedlings by attracting herbivores to the area (DeSteven 1991).  

 

 NURSERY PRODUCTION 

 

There are numerous species of woody plants and stocktypes available for 

planting in afforestation projects, some of which are better suited for created wetlands 

than others.  Production methods may alter the above and below ground morphology 

and physiology of the nursery stock (Chavasse 1980).  The goal of altering these 

characteristics of seedlings is to produce a cost effective nursery stock that will 

successfully survive and grow.  Nursery production conditions and techniques can 

influence the morphological characteristics of seedlings including seedling stem 

volume, stem height, aboveground biomass, leaf area, root collar diameter, and root 

mass ratio (Burdett 1990). Nursery production can also influence the physiological 

characteristics of seedlings including plant moisture stress, cold hardiness and heat 

tolerance, water use efficiency, and leaf respiration rates (Hunt and Gilmore 1967).  

The morphology and physiology of tree seedlings at the time of planting into the 

field has been shown to influence survival (Hunt and Gilmore 1967).  During the first 
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years after planting, tree seedlings are most sensitive to environmental factors and are 

most subject to mortality (Mcleod and McPherson 1973).  It is common to have low 

survival for planting materials in created wetlands (Stolt et al. 2000, Bergshneider 2005, 

Daniels et al. 2005, Bailey et al. 2007).  

 

TREE GROWTH 

 

Height of the tree is the most frequent variable looked at in determining its 

success; however, the height of a seedling does not give an indication of the ability for 

the tree to grow quickly after outplanting. In the study done by Chavasse (1977), 

shorter tree seedlings grew more than that of taller tree seedlings in the first year; 

however, in the second year tree growth was similar between short and tall trees. 

Therefore, determining the quality of seedling should not be based solely on height; 

basal diameter may be a better measurement of quality (Chavasse 1977). 

 

TREE SPECIES AND WETLAND INDICATOR STATUS 

 

Braun (1950) characterized the Piedmont forests of Virginia as Oak-Pine. She 

characterized the bottomland forests of the Piedmont as having sandy soils and being 

dominated by river birch, black willow, cottonwood, sycamore, and sweet gum along 

the stream sides, and the wet flats by sweet gum, willow oak, winged elm, red maple, 

tulip poplar, green ash, and hackberry.  
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In Virginia, the most common pioneer tree species in created wetlands are Acer 

rubrum (red maple), Salix nigra (black willow), Pinus taeda (loblolly pine), and 

Liquidambar styraciflua (sweetgum) (Spencer et al. 2001).  Early colonizers such as 

Platanus occidentalis (American sycamore), and Salix nigra (black willow) colonize 

wetlands during dry conditions, but can rapidly adapt to prolonged saturation or 

inundation. Early colonizers have traits that allow them to grow and survive in early 

successional ecosystems (Bazzaz 1979).  Quercus spp. (oaks), Carya spp. (hickory) 

and Fagus spp. (beech) arrive later in succession (Dyer 2006).  Primary successional 

trees such as Liquidambar styraciflua (Bormannn 1953, Streng et al. 1989, Silberhorn 

1992, Jones et al. 1994, Gamble and Mitsch 2005), Betula nigra (river birch) (Mitsch 

1991), Platanus occidentalis (Mitsch 1991, Twedt and Wilson 2002, Gamble and 

Mitsch 2005), and some Salix spp. (willows) (McLeod et al. 1986, Donovan et al. 

1988, Rodriguez-Gonzalez et al. 2010) had higher survival rates than other species in 

sites with a higher water table.  Secondary succession species such as Quercus spp. 

had slower growth rates in areas with a higher water table (Anderson and Pezeshki 

1999, McLeod et al. 2001, Dey et al. 2004).  

 

Primary successional tree species are often more successful than secondary 

tree species when planting after site creation (Henderson et al. 2009). However, 

secondary successional species such as oaks are often planted in created wetlands 

(Clewell 1999).  Planting Quercus spp. in early stages of afforestation projects may be 

less effective since Quercus spp. are slow growing (Whittaker 1978).   However, 

Twedt (2006) found that species diversity, stem density, and maximum tree height 
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were increased when Quercus spp. plantings were supplemented with fast-growing 

early-successional trees.  Both primary (B. nigra, L. styraciflua, P. occidentalis, and S. 

nigra) and secondary (Q. bicolor, Q. palustris, and Q. phellos) species were planted in 

our study.  

 

Betula nigra (River Birch) (FACW) 

Betula nigra naturally occurs in the Southeastern United States along alluvial 

streambank soils.  Betula nigra is native to the Eastern United States from New 

Hampshire west to southern Minnesota, and south to northern Florida.  Betula nigra is a 

deciduous tree growing 25 to 30 meters, and often having multiple trunks.  The flowers 

are wind-pollinated catkins 3-6cm long. The fruit matures in late spring.  Betula nigra 

has moderate adaptations to flooding (Burns and Honkala 1990), and is often found 

with species such as Nyssa spp. (gums) and Ulmuss spp. (elms) (Cowardin et al. 1979, 

Burns and Honkala 1990). Betula nigra naturally occurs at higher abundance on soils 

that are less frequently flooded (Turner 2004). 

 

Liquidambar styraciflua (Sweetgum) (FAC)  

Liquidambar styraciflua is naturally found in the Southeastern United States 

where it occurs on moist alluvial clay/loam soils (Burns and Honkala 1990). 

Liquidambar styraciflua is distributed from Connecticut to Central Florida and Eastern 

Texas and is found in the Coastal Plain and Piedmont regions of Virginia, where is 

occurs on moist alluvial clay/loam soils (Burns and Honakala 1990).   The species is a 

moderate to rapidly growing and reaches 25-37m tall (Bormann 1953), blooms from 
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March to early May, and becomes reproductively mature after 20-30 years. The fruit 

matures in September-November and are spiked heads (gumballs) that contain 20-30 

seeds.  Liquidambar styraciflua often invades old fields and logged areas in the coastal 

plain (Burns and Hankala 1990) and is often found with several tree species including 

Fagus spp., Quercus spp., Pinus spp., Salix spp., and Ulmus spp. species (Cowardin et 

al. 1979, Burns and Honkala 1990). 

 

Platanus occidentalis (American Sycamore) (FACW). 

Platanus occidentalis is naturally found on alluvial streambank soils (Burns and 

Honkala 1990). Platanus occidentalis ranges from southwestern Maine west to southern 

Ontario, and east towards Nebraska; and south towards northwestern Florida, and west 

towards south-central Texas.  Individuals typically grow to a height of 30-40 meters and 

are a major pioneer species in the floodplains of large rivers (Twight and Minkler 

1972).  Platanus Occidentalis is tolerant of saturated soil yet intolerant to flooding 

(Burns and Honkala 1990).     Platanus occidentalis is commonly found in pure stands 

in the south but can also be associated with species such as Acer spp., and Salix spp. 

(Cowardin et al. 1979, Burns and Honkala 1990). 

 

Salix nigra (Black Willow) (OBL)  

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).  Salix 

nigra ranges from southern New Brunswick and central Maine to Quebec, and south 

and west to the Rio Grande, and east along the Gulf coast through Florida.  It is the 
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largest North American species of willow growing to 10-30m tall.  Salix nigra is 

adapted to clay soils and is not damaged by flooding (Burns and Honkala 1990) and can 

occurs in pure stands along riverbanks, it is also associated with species such as Acer 

spp., Cephalanthus occidentalis (buttonbush), Nyssa spp., P. occidentalis, and 

Taxodium distichum (bald cypress) (Cowardin et al. 1979, Burns and Honkala 1990).

  

Quercus bicolor (Swamp White Oak) (FACW)  

Quercus bicolor is naturally found in alluvial and mineral soils that are poorly 

drained (Burns and Honkala 1990).  Quercus bicolor ranges from southwestern Maine 

to New York, south to Iowa and Missouri; and east to Kentucky. The tree can grow 20-

25m tall, and its fruiting body is an acorn that matures sixth months after pollination.  

Quercus bicolor is an intermediate in shade tolerance but exhibits limited drought 

tolerance (McCarthy and Dawson 1991).  Quercus bicolor occurs more often in older 

forests than newly established ones (Turner 2004) and can be found with Fraxinus spp. 

(ashes), Nyssa spp., other Quercus spp., and Ulmus spp. (Cowardin et al. 1979, Burns 

and Honkala 1990).  

 

Quercus palustris (Pin Oak) (FACW) 

Quercus palustris often grow on acidic, poorly drained, clay to clayey loam soils 

(McQuilkin 1990).  It naturally ranges from along the Ohio River valley and into the 

Mid-Atlantic and Northeastern United States (Burns and Honkala 1990). Quercus 

palustris can grow 18-22m tall; the fruiting body is an acorn that develops 18 months 

after pollination.  Unlike Q. bicolor, Q. palustis requires soils that are slightly more 
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drained. Quercus palustris cannot grow where flooding persists into the growing season. 

Quercus palustris occurs in bottomlands in association with tree species such as L. 

styraciflua, Nyssa spp., other Quercus spp., and Ulmus spp.  (Cowardin et al. 1979, 

Burns and Honkala 1990). 

 

Quercus phellos (Willow Oak) (FAC) 

Quercus phellos is found through 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 grows to 10-30m, and 

the fruiting body is an acorn.  The tree is commonly found in transitional communities 

between swamps and upland forests (Beaven and Oosting 1939).  Quercus phellos 

occurs with several tree species including Acer spp., L. styraciflua, and other Quercus 

spp.  (Cowardin et al. 1979, Burns and Honkala 1990). 
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Table 1-1 Wetland indicator status, categories, symbols and frequency of occurrence in 

wetlands as employed by USFWS (1988) 

Category Indicatory Symbol Occurrence in wetlands 

Obligate Wetland OBL >99% 

Facultative Wetland FACW 67 to 99% 

Facultative FAC 33 to 67% 

Facultative Upland FACU 1 to 33% 

Obligate Upland UPL <1% 

 

 

STOCKTYPE SELECTION 

 

Stocktype selection can also influence tree establishment success.  Several 

descriptions are used in the nursery industry to describe stocktypes.  Common 

descriptions of nursery stocks include seedlings, bare root, cuttings, tubelings, 

containerized, and balled.  These names are used to describe the size, age, and 

production technique, all of which are not uniform or standardized.  Therefore, when 

assessing the success of stocktype it is important to focus on the individual morphology 

of the tree.   

 

Several stocktypes may be used when planting in a created forested wetland.  

The most common form planted is young saplings bare root (~1 year old) which have 

no soil in the root-ball.  Bare root seedlings are often readily available and relatively 

inexpensive (Smith and Read 2008).   
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Tubelings are also frequently planted and have a slightly larger rootstock, and 

can be grown in various shaped small containers.  Tubelings can be grown to various 

ages and sizes; therefore, they can be planted during the middle of the growing season.   

 

Potted plants come in various sizes (from 1 to 5 gallons or larger) and contain a 

well formed root-ball.  However, studies suggest that containers can restrict seedling 

root growth. In a study by South et al. (2005), a root bound index (RBI) was calculated 

by dividing basal diameter by the diameter of the container and used to determine 

seedling success.  The authors reported that survival rate decreased when RBI exceeded 

27%.   

 

The three stocktypes in the current study (bare root, tubeling, and 1-gallon pots) 

differ in price and potted plants being the most expensive to buy and more labor 

intensive to plant. Containerized seedlings can also have higher cost than other 

stocktypes like bare roots (Alm and Schantz-Hansen 1974). Barnett and McGilvary 

(1977) found the use of containerized seedling when planting Pinus palustris increased 

survival by 22%.   

 

Site selection is an important factor in seedling success.  Barnett and McGilvary 

(1977) found that unfavorable site conditions decreased survival of bare root stocktypes.  

On easy to regenerate sites, container type may not affect seedling survival as greatly 

(South et al. 2005).   When choosing a stocktype, trees with a larger basal diameter 

were found to have higher survival (South et al. 2005). Tall bare root trees with a large 
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basal diameter often have the highest survival, and are the most cost effective (South et 

al. 2005). 

 

BULK DENSITY AND ORGANIC MATTER 

 

Soil physical and chemical characteristics including bulk density, soil nutrients 

and organic matter can impact the primary production and carbon storage of planted 

trees.  Bulk density is a measure of compaction; soil compaction leads to increase in 

bulk density, runoff, erosion, and changes in infiltration, and aeration (Brady and Weil 

2002).  Measuring bulk density in created wetlands is important because construction 

methods often increase compaction (Bruland and Richardson 2005).  Higher bulk 

density can lead to lower water and mineral absorption in woody plants, and can limit 

root penetration, causing for increased mortality (Kozlowski 1999).  The piedmont 

region of Virginia is characterized by clayey soils which have higher bulk densities than 

other soil types, and lower soil organic matter; these soils are often exposed during 

construction practices, and can lead to overall higher bulk density.   

 

Soil organic matter (OM), is often low in created wetlands when compared to 

natural wetlands (Campbell et al. 2002). Low OM has been shown to contribute to poor 

survival of planted trees (Daniels et al. 2005). Introduction of organic matter can reduce 

the bulk density of soils. Increased organic matter in soils allows for higher soil 

stability, and decreased erosion (Daniels et al. 2005).  
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SOIL NUTRIENTS 

 

Nitrogen is important to plants for the production of amino acids and 

chlorophyll. Plants deficient in nitrogen will be slower growing.  Plants uptake nitrogen 

as ammonium (NH4
+
) or nitrate (NO3

-
). 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 (Brady and Weil 2002). Ammonium is 

naturally bonded to clay minerals where it is available for plant uptake.   Nitrate and 

ammonium can both be used by plants; however, some plants perform better with one 

ion over the other (Bishel-Machung et al. 1996). 

 

Inorganic phosphorus is often found bonded with minerals such as iron and 

aluminum. Phosphorus is available to plants in the form of phosphate (HPO4
2-

 or 

H2PO4
-
) ions.  In low phosphorus soils many species require mycorrhizal fungi to aid in 

its absorption (Brady and Weil 2002).  

 

PURPOSE 

The purpose of this study was to evaluate the effects of environmental variables 

on tree survival in created forested wetlands.  By better understanding these effects, we 

can increase the probability of successful tree establishment in created wetlands.  

Ultimately these modifications can increase the likelihood of the ecological success of 

forested wetland creation through the improvement of planted tree establishment. 
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METHODS 

 

SITE DESCRIPTION 

 

Three (3) Piedmont constructed wetland field sites were chosen for the study 

and are comprised of three phases (Designated as Phase I, II, and III) of the Loudoun 

County Wetland and Stream Mitigation Bank (LCWSB) that were designed and 

installed by Wetland Studies and Solutions, Inc. The three phases were constructed in 

2005 (Phase III) and 2006 (Phase I and II).  The wetlands were 0.81, 3.52, and 3.93 

hectares, respectively and were constructed by stripping and then stockpiling topsoil 

followed by lime amendments and disking to a minimum of 15 cm.  Each site has a clay 

base soil, with relatively uniform topography, and hydrology. The overall hydrology is 

driven principally by rainfall which averages 108.2 cm per year.  The sites have an 

annual hydroperiod in which the saturated zone is at the soil surface for the majority of 

growing season (April 5
th

 through November 1
st
).  

 

A total of 1596 trees in 24 plots across the 3 sites were planted in March 2009.  

Trees were planted on 2.4-meter (8-foot) centers.  The 7 species and 3 stocktypes were 

planted in 21-tree replicate subplots with either 3 or 4 planting subplots were 

established within each plot and, depending on space availability.   



24 
 

 
Figure 1-1 Location of created wetland sites in Loudoun County, Virginia.  

Map.dcr.virginia.gov. Web. 18 March 2014. http://www.dcr.virginia.gov 

/natural_heritage/np.shtml 

http://dcr.virginia.gov/
http://www.dcr.virginia.gov/natural_heritage/np.shtml
http://www.dcr.virginia.gov/natural_heritage/np.shtml
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  Figure 1-2 Phase I of the LCWSB and its nearby river Goose Creek.  Phase I had 4 

  plot locations and is ~ 0.81 hectares. 
 

 

 

At Phase I, 4 plots each containing 3 subplots with 21 plantings (a complete subsample) 

in each plot (252 saplings) were installed in late winter 2009. The first post-construction 

growing season at Phase I was 2007 and the saplings were planted before the beginning 

of the third growing season in 2009. 

 



26 
 

 
  Figure 1-3 Phase II of the LCWSB and its nearby river Sycolin Creek.  Phase II had 4  

  plot locations and is ~ 3.52 hectares. 
 

 

 

At Phase II, 4 plots each containing 3 subplots with 21 saplings in each plot (252 

saplings) were installed in late winter 2009. The first growing season at Phase II was 

2008 and study saplings were planted before the beginning of the second growing 

season in 2009.  
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 Figure 1-4 Phase III of the LCWSB and its rivers Beaverdam Run and Russell Branch.  

 Phase III had 16 plot locations and is ~ 3.93 hectares. 
 

 

 

At Phase III, 17 plots each containing 3 or 4 subplots with 21 saplings in each 

plot (1092 saplings) were installed in late winter 2009. This phase exhibited fairly 

uniform hydrology and vegetation. The first growing season at Phase III was 2008 and 
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the study saplings were planted before the beginning of the second growing season in 

2009. 

 

PLANTING, SAMPLING, AND DATA ANALYSIS  

 

The saplings planted in the field study consisted of seven (7) species, including 

1) Betula nigra, 2) Liquidambar styraciflua, 3) Platanus occidentalis, 4) Quercus 

bicolor, 5) Quercus palustris, 6) Quercus phellos and, 7) Salix nigra.  Three stocktypes 

were also used, included 1) bare-root seedlings, 2) tubelings, and 3) 1-gallon pots. Each 

site was randomized.  Each sapling was flagged and mapped using an x- and y- 

coordinate grid system to aid with location in the future. Survival of each tree was 

recorded annually in early August of 2009 through 2013.     

 

SURVIVAL AND ENVIRONMENTAL ANALYSIS 

 

Individuals were considered “live” based on the presence of green leaves or a 

green vascular cambium. Bulk Density, organic matter, soil nutrients (Nitrate, 

Ammonium Phosphate), soil moisture, particle size, and water level were collected at 

each of the 76 subplots.   

 

For each environmental variable, a t-test was used to compare conditions at live 

and dead trees.  A CCA was performed to determine the effect of environmental 
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gradients on survival, based on species and stocktype. A multiple logistic regression 

was used to model tree survival based on environmental variables.  
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CHAPTER 2- RESEARCH FINDINGS 

Environmental Variables that Affect Tree Survival of Seven Tree Species and 

Three Stocktypes within Created Wetlands in Loudoun County, VA 

 

INTRODUCTION 

 

Forested wetlands are the wetland type most frequently lost in the Eastern U.S. 

(Dahl 1990, Tiner and Finn 1986, USGS 1999).  Forested headwater wetlands carry 

out several functions including surface water storage, nutrient cycling and export of 

organic matter.  The loss of this ecosystem is detrimental to surrounding systems, can 

increase eutrophication downstream, and can decrease productivity and reproductive 

success of biota in river systems (Freeman et al. 2007).   

 

From the mid-1780’s through the mid-1980’s approximately 53% of all 

wetland types were lost in the United States (Dahl and Johnson 1991), and 42% in 

Virginia (Dahl 1990) with a continued loss of 2,500 acres a year (Tiner and Foulis 

1994).  From 2004 through 2009, 256,166 ha of freshwater forested wetlands have 

also been lost in the United States (Dahl 2011). Losses of wetlands are due to ditching 

and draining for agriculture and forestry practices, construction of reservoirs, and 

urban and suburban development (Dahl and Johnson 1991).  

 

Wetland impacts are regulated by Section 404 of the Clean Water Act (CWA) 

1977 (33 U.S.C § 1251 et seq.).  Section 404 requires permits for activities that may 

impact wetlands.  Wetland mitigation policies created a sequence consisting of steps to 

avoid, minimize, and compensate for wetland impacts designed to maintain the 
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physical, biological, and chemical integrity of the water. Compensation is used to 

replace the structure, function and ecosystem services that were lost during the 

permitted impact. Each compensation site had project specific goals or performance 

standards.  Performance standards for forested headwater wetlands include 990 stems 

per hectare, 10% increase in tree height annually, or 30% canopy closure.  

 

Tree establishment is often the most difficult task in offsetting forested wetland 

losses (Gamble and Mitsch 2006, Sharitz et al. 2006, Matthews and Endress 2008).  

Compensation sites can reach stem density goals by natural colonization of woody 

vegetation from surrounding seed sources (Hudson 2010), but some created wetlands 

lack a tree stratum 20 years post creation (Atkinson et al. 2005). Successful seedling 

establishment depends on site conditions and seedling quality at time of planting 

(Rietveld 1989).  The morphology and physiology of tree seedlings at the time of 

planting into the field has also been shown to influence the survival of trees planted in 

various environments (Hunt and Gilmore 1967).  Tree establishment can be difficult 

because wetland construction practices typically include removal of upper soil layers 

to the depth of the season high water table (Campbell et al. 2002), which may result in 

soil compaction, low organic content (Bailey et al. 2007), and high bulk density, when 

compared to natural wetlands (Daniels et al. 2005).  

 

High mortality rates of planted seedlings are often reported in created wetlands 

(Bailey et al. 2007, Bergshneider 2005, Daniels et al. 2005, Stolt et al. 2000). Studies 

of wetland hydrology suggest that matching planted trees to site hydrology is a key 
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factor for success in afforestation of bottomland hardwood forests (Stanturf et al. 

2004).  Created wetlands are often not successful because proper hydrologic 

conditions have not been established (Morgan and Roberts 2003).   

 

In Virginia, the most common pioneer tree species in created wetlands are Salix 

nigra (black willow), and Liquidambar styraciflua (sweetgum) (Spencer et al. 2001).  

Quercus spp. (oaks) are also often planted in created wetlands (Clewell 1999).  

Stocktype options represent another decision that managers encounter during the 

planning of compensation sites and is another variable that can influence tree 

establishment success.  The purpose of this study was to improve the ecological success 

of forested wetland creation through evaluating the survival of seven woody species 

common to the forested wetlands of the Piedmont (Betula nigra, Liquidambar 

styraciflua, Platanus occidentalis, Quercus bicolor, Q. palustris, Q. phellos, and Salix 

nigra) and three stocktypes (bare root, 1-gallon pot, and tubeling). 

 

METHODS 

 

SITE DESCRIPTION 

 

Three Piedmont constructed wetland field sites were chosen for the study and 

comprise three phases (designated as Phase I, II, and III) of the Loudoun County 

Wetland and Stream Mitigation Bank (LCWSB) that were designed and installed by 

Wetland Studies and Solutions, Inc. The three phases were constructed in 2005 (Phase 
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III) and 2006 (Phase I and II).  The wetlands (measuring 0.81, 3.52, and 3.93 hectares, 

respectively) were constructed by stripping and stockpiling topsoil followed by lime 

amendments and disking to a minimum of 15 cm.  Each site has 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.  

 

At Phase I, 4 plots each containing 3 subplots (for a total of 12 subplots) with 21 

seedling trees in each subplot (totaling 252 seedlings) were planted in late February 

2009. At Phase II, 4 plots each containing 3 subplots (for a total of 12 subplots) with 21 

seedling trees in each subplot were planted in late February 2009. At Phase III, 16 plots 

each containing 3 or 4 subplots (for a total of 52 subplots) with 21 seedling trees in each 

subplot were planted in late February 2009.  Phase III had uniform hydrology 

throughout the site.  A total of 24 plots with 76 subplots and 1596 trees were planted 

between all three sites.  Trees were planted on 2.4-meter (8-foot) centers which gave a 

rate of 1,765 stems/hectare.  The 7 species (B. nigra (BENI), L. styraciflua (LIST),                     

P. occidentals (PLOC), Q. bicolor (QUBI), Q. palustris (QUPA), Q. phellos (QUPH), 

and S. nigra (SANI)) and 3 stocktypes (bare root (BR), 1-gallon pot (G), and tubeling 

(T)) were planted in 21-tree replicate subplots within each plot and, depending on space 

availability; either 3 or 4 planting subplots were established.   
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SURVIVAL AND ENVIRONMENTAL VARIABLES  

 

Each planted sapling was flagged and mapped using an x- and y- coordinate grid 

system to aid with location in the future. Survival of each planted tree was recorded 

during a one-week period annually in early August of 2009 through 2013. Trees were 

considered alive when green leaves were present or a green cambium was detected by 

scratching the surface of the stem. 

 

 A 1-m
2
 plot was established adjacent to soil sample locations and vegetative 

composition and dominance was determined via visual observation of horizontal plant 

cover.  A weighted average (WA) was calculated based on dominance and species 

indicator status (USDA 2013) following Atkinson et al. (1993).  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. 

 

Water levels were calculated by using hand-read wells within each phase.  Wells 

were not arrayed with plots and phases contained 2, 4, and 8 wells, respectively.  Wells 

were read once weekly during the growing season and monthly during the non-growing 

season.  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. 
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Soil samples were obtained from all phases in June 2011. 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 plot. 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 analyzed at 

USGS facility in Reston, VA.  Nutrient analysis was performed within two days of soil 

collection and samples were stored on ice. 

 

 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. A KCl 

extraction was performed to determine the concentrations of nitrate, nitrite and 

ammonia. 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 PO₄ in 

the dried soil. A 2-gram dry weight equivalent subsample was added to 20 mL of 

Mehlich-3 solution and shaken for 5 minutes. A filtered subsample was analyzed via the 

SFA. 

 

To determine organic matter content and particle size of the soil, a 3-gram dry 

weight equivalent was obtained and combusted at 550°C for 4 hours and then weighed 

to find the amount of organic matter. Subsamples were ground to pass through a 250-

µm sieve and 0.02 g of <250-µm diameter soil was placed in a Erlenmeyer flask with 
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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 were analyzed using 

a Sequoia Laser In-Situ Scattering and Transmissometry (LISST-100x, Sequoia 

Scientific Inc, Bellevue, WA) to determine the amount of clay (<2 µm), silt (2-50 µm) 

and sand (50-250 µm). The amount of each soil texture class was used to determine the 

soil class. 

 

DATA ANALYSIS  

 

Species stocktypes combinations survival were measured for five years and 

compared to environmental variables. Initially 22 environmental variables were 

analyzed for collinearity using a Pearson correlation and variables with a Pearson 

correlation coefficient greater than 0.5 were excluded from analysis, and 12 variables 

were retained for subsequent analyses, based on collinearity and interest.   These 12 

variables were then analyzed using correspondence analysis (CCA, PC-Ord version 5, 

MjM Software, Gleneden Beach, Oregon, U.S.A.). The strongest variables were 

determined by their canonical coefficients. The association of environmental variables 

with either live or dead trees was assessed via t-tests.  Finally a multiple logistic 

regression was used to model the effect of environmental variables on tree survival 

(Sigma Plot version 12, Systat software Inc. San Jose, California, U.S.A).    
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RESULTS  

 

Overall survival after five years for the 21 species and stocktype combinations was 

44.4%. Survival decreased the most between planting and the end of the 1
st
 growing 

season as well as between the 1
st
 and 2

nd
 growing season (13%, and 27% decrease, 

respectively), and decreased only slightly over the next three years (5%, 3%, and 6% 

decrease, respectively). Of the 21 species stocktype combinations only 6 were above the 

survival of 58.8%, which is the percentage needed at our planting density to reach 990 

stems/ hectare (Table 2-1).  

 

When stocktypes were combined, Q. phellos had the lowest survival (29%).  

When species were combined, BR seedlings had the lowest survival (32.4%).  Primary 

successional tree species (B. nigra, L. styraciflua, P. occidentalis, and S. nigra) had a 

numerically lower percent survival (40.1%), than secondary successional tree species 

(Quercus spp., 50.2%).   

 

 Quercus phellos T had the numerically lowest overall survival (7.9%) while Q. 

palustris G had the numerically highest survival (76.3%) after 5 years. The G stocktype 

of all species exhibited a higher survival (61.7%) than either BR (32.4%) or T (39.2%) 

stocktypes, except for P. occidentalis T which exhibited higher survival (42.1%) (Table 

2-1).  
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Table 2-1 Survival of species and stocktypes in the three created wetland sites from 

2009 to 2013.  Trees were planted in February 2009.  

Species 

Stock

type 

2009 % 

Survival  

2010 % 

Survival 

2011 % 

Survival  

2012 % 

Survival 

2013% 

Survival 

B. nigra BR 89.5 48.7 46.1 46.1 39.5 

B. nigra G 97.4 75 69.7 62.7 66.2 

B. nigra T 89.5 50 48.7 46.1 46.1 

L. styraciflua BR 84.2 59.2 48.7 43.4 31.6 

L. styraciflua G 94.7 77.6 68.4 66.2 46.8 

L. styraciflua T 62.3 22.1 22.1 18.7 12 

P. occidentalis BR 69.7 35.5 30.3 30.3 21.1 

P. occidentalis G 71.1 46.1 38.2 34.7 30.7 

P. occidentalis T 90.8 60.5 50 48.7 42.1 

Q. bicolor BR 89.5 63.2 57.9 53.3 44 

Q. bicolor G 98.7 96.1 94.7 92.1 75 

Q. bicolor T 90.7 78.7 74.7 67.1 60.5 

Q. palustris BR 96.1 67.1 55.3 53.9 50 

Q. palustris G 97.4 89.5 85.5 84.2 76.3 

Q. palustris T 86.8 72.4 65.8 61.5 56.4 

Q. phellos BR 86.8 36.8 31.6 22.1 11.7 

Q. phellos G 92.1 84.2 80.3 77.9 70.1 

Q. phellos T 67.1 18.4 7.9 6.6 7.9 

S. nigra BR 77.6 38.2 34.2 30.2 28.9 

S. nigra G 98.7 72.4 71.1 68.4 67.1 

S. nigra T 89.5 64.5 60.5 58.7 49.3 
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Environmental variables had narrow ranges between all three sites (Table 2-2). 

 

Table 2-2 Descriptive statistics including mean and range for environmental variables 

measured at three created wetlands in Loudoun County, Virginia.        

Variables Abbreviation Mean Range 

Bulk Density BD 1.03 ± 0.12 g/cm³ 0.76 to 1.28g/cm
3
 

Nitrate/Nitrite NO₃NO₂ 0.04 ± 0.04µmol/cm
3
 0.002 to 0.15µmol/cm

3
 

Ammonium NH₄ 0.1 ± 0.08µmol/cm
3
 0.02 to 0.51µmol/cm

3
 

Phosphate PO₄ 1.37 ± 1.32µmol/cm
3
 0.12 to 4.63µmol/cm

3
 

Soil Moisture SoilMois 0.33 ± 0.05% 0.22 to 0.45% 

Particle Size PartSiz 16.4 ± 5.05 µm 9.1 to 32.47µm 

Organic Matter OM 5.21 ± 0.59% 4.36 to 7.69% 

Average Water Level WtrLvl 0.18 ± 0.24 m -3.37 to 1.1m 

Percent Silt PerSilt 67.5 ± 3% 62.9 to 77.35% 

Percent Clay PerClay 25.6 ± 5.44% 12.4 to 35.36% 

Percent Sand PerSand 6.89 ± 4.85% 0.21 to 23.83% 

Water Level during 

Growing Season WtrlLvl GS -0.046 ± .274 cm -0.89 to 0.014m 

 

 

 

Each species and stocktype combination (21 response variables) was compared 

to the 12 remaining environmental variables via canonical correspondence analysis 

(CCA). The CCA was used to determine association between species survival and 

environmental variables, and the percent variance explained by each axis is calculated.  

The total amount of variance in response variables explained by the environmental 

variables over the first three axes was 11.9% (Figure 2-1). 
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Figure 2-2 Canonical Correspondence Analysis (CCA) of 21 response variables, 

consisting of species and stocktype combinations, and 12 retained environmental 

variables for the 76 study plots present among the three created wetland sites. 
 

 

 

Variables contributing to axis one were organic matter, average water level 

during the growing season, and nitrate/nitrite concentration.  On axis two, variables 
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included organic matter, percent clay, and phosphorus concentration. Bulk density, 

percent silt, percent sand, particle size, and ammonium concentration explained the least 

variability and were removed from the CCA (Figure 2-1). 

T-tests were performed to determine statistical differences of environmental 

variables with living or dead trees. When species and stocktype were combined organic 

matter content (OM) of living trees (5.33% ± 0.0001) was lower than for dead trees 

(7.0% ± 0.0003) (P≤0.0005), and this trend was also significant for 16 of the 21 species 

stocktype combinations.  Water level, and water level during the growing season had a 

similar trend in which living trees were associated with a lower water level for 3 and 4 

of the 21 species stocktype combinations. (P≤0.0005). 

Nitrate/Nitrite concentration of all living trees (0.041µmol/cm
3
 ± 0.001) was 

higher than for dead trees (0.032µmol/cm
3
 ± 0.0008) (P≤0.0005), and 7 of 21 species 

stocktype combinations trees survived with higher nitrate/nitrite concentrations.  

Phosphate concentration of all living trees (1.50µmol/cm
3
± 1.16) was higher than for 

dead trees (1.14µmol/cm
3
 ± 1.3) (P≤0.0005).  Percent clay had a similar trend in which 

living trees were associated with higher clay content for 12 of the 21 species stocktype 

combinations (P≤0.0005, Table  2-3).  



 

 
 

5
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Table 2-3 T-test results comparing environmental variables of living vs. dead trees for all species and stocktypes.   

P-values provided when variables were significant, * indicate non-significance.  

Species Stocktype BD NO₃NO₂ NH₄ PO₄ SoilMois PartSiz OM WtrLvl PerSilt PerClay PerSand 

WtrLvl 

GS 

B. nigra BR * 0.011 * * 0.024 0.033 -0.0003 * -0.039 0.0007 -0.014 * 

B. nigra G * * * * * * * * * * * * 

B. nigra T -0.047 * * 0.0001 * * -0.0003 * * * * * 

L. styraciflua BR * * * 0.0002 * * < -0.0005 0.034 * 0.004 -0.008 -0.003 

L. styraciflua G -0.001 * * * * * < -0.0005 * -0.004 <0.0005 -0.011 * 

L. styraciflua T * * * * * * * * * * * * 

P.occidentalis BR * * * * * * -0.001 * * 0.049 * * 

P.occidentalis G * * * 0.018 * * -0.039 * * * * -0.001 

P.occidentalis T * * * 0.002 * * -0.001 0.002 * 0.021 -0.043 * 

Q. bicolor BR * 0.006 * 0.006 * * -0.0006 * * 0.008 -0.047 -0.042 

Q. bicolor G * * * * * * * * * * * * 

Q. bicolor T -0.02 0.001 * * 0.014 * -0.003 * -0.012 0.011 * * 

Q. palustris BR * 0.004 * * 0.027 * -0.001 * * 0.014 * * 

Q. palustris G * * * 0.013 * 0.0009 -0.049 * * 0.0002 -0.0004 * 

Q. palustris T -0.001 0.014 * 0.009 0.003 0.021 -0.0002 * -0.01 0.0002 -0.017 * 

Q. phellos BR * 0.007 -0.045 * * * -0.0001 * -0.018 0.015 * * 

Q. phellos G * * * * * * -0.018 0.014 * * * * 

Q. phellos T * * * * * * * * * * * -0.016 

S. nigra BR * * * * * * -0.005 * * * * * 

S. nigra G * 0.004 * * 0.014 * -0.003 * * * * * 

S. nigra T * * * * 0.001 * * * * 0.042 * * 
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Of the 21 categories only 4 tree species stocktype combinations had significant 

chi square statistic P-values (P ≤ 0.05) when analyzed via multiple logistic regression.  

For B. nigra BR, Q. palustris BR, Q. phellos T, and S. nigra BR, survival was 

positively related nitrate/nitrite concentration, soil moisture, percent clay, and particle 

size.  For B. nigra BR, and Q. phellos T, survival was positively related to average 

water level and average water level during the growing season.  For B. nigra BR, Q. 

palustris BR, Q. phellos T, and S. nigra BR, survival was negatively related to 

phosphate concentration and soil organic matter content.  For Q. palustris BR and S. 

nigra BR, survival was negatively related to average water level and average water 

level during the growing season. 

 

 

 

Table 2-4 Multiple logistic regression results of all significant species and stocktypes, 

with environmental variable coefficients.  

Species  

Stock 

type 

P- 

Value NO₃NO₂ PO₄ SoilMois OM WtrLvl 

Per 

Clay 

Wtrlvl 

GS PartSiz 

B. nigra BR 0.022 15.723 0.72 0.99 -29.853 2.746 0.272 0.84 0.162 

Q. palustris BR 0.045 16.071 0.136 4.88 -39.872 -1.87 0.143 -0.619 0.0661 

Q. phellos T 0.03 11.647 0.237 9.988 -9.906 1.783 0.333 2.555 0.397 

S. nigra BR 0.035 4.905 0.049 9.894 -69.252 -1.506 0.0383 -0.103 0.0709 
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DISCUSSION  

 

Of the 1596 trees planted in this study, 44.4% survived until the end of the fifth 

growing season.  A very similar survival rate (45%) of planted trees was found in a 

study of 67 compensatory mitigation projects in Illinois after four years (Matthews and 

Endress 2008).  Our tree survival is also similar to survival rate (47%) reported by 

Morgan and Roberts (1999) for 50 compensation sites in Tennessee; and within the 

range given by Plocher (2002) for three year old restored floodplains in Illinois ( 32-

61%).   

 

In this study, highest mortality occurred between the first and second growing 

season.   Jones and Sharitz (1998) found high mortality in years 1-3, and found 

increased survival with seedling age after planting.  High susceptibility of seedlings to 

early-establishment mortality was also reported by Alm and Schantz (1974) in a six-

growing season study of optimum planting times for jack pine and red pine in which  

80% of the mortality occurred by the beginning of the third growing season          

(Table 2-2).  

 

Of the seven species planted in the current study, Q. palustris and Q. bicolor, 

both secondary successional species, exhibited the highest rates of survival.  Secondary 

species are characterized by higher shade tolerance and slower production (Horn 

1974), which may be advantageous given conditions found at our sites, with vegetation 

height averaging 114.8 cm.  
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In this study, 6 of the 7 species exhibited highest percent survival when planted 

with G stocktype.  South et al. (2005) found that container grown seedlings had higher 

survival (75.9%) than bare root seedlings (53.3%) of P. palustris.  Higher survival in 

G stocktypes may be due to increased root collar diameter found in G stockypes 

(South et al. 2005, Roquemore et al. 2014).  Containerized seedlings often have a 

larger initial height (Jones and Sharitz 1998), which may reduce shade stress, 

particulary during times of inundation (Stanturf et al. 2004). The transfer of soil from 

the container along with the root ball could also improve survival.  The 1-gallon trees 

have a greater root volume as well as a large amount of soil around the roots which 

helps with establishment and in the prevention of initial transplant shock by having a 

greater surface area for water uptake.  Grossnickle (2000) also noted that1-gallon 

stocktypes are more capable of sufficiently up taking water. Roquemore et al. (2014), 

evaluating these trees in an earlier stage of our study, suggested that soil and root-balls 

associated with G stocktype may minimize the impact of compacted soil and enhance 

survival. 

 

ENVIRONMENTAL VARIABLES  

 

The effect of water level and water level during the growing season varied 

among species and stocktypes.  Both hydrologic variables were important on both axes 

of the CCA (Figure 2-1).  Average water level among living trees was lower (0.16 m) 

than for dead trees (0.21 m) for 3 of the 21 species stocktype combinations (Table 2-2).  

Average water level during the growing where living trees occurred was lower       
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(0.062 m), when compared to dead trees (0.080 m), for 4 of the 21 species stocktype 

combinations (Table 2-3). However, multiple logistic regression results suggest that 

some species stocktype combinations did better with both higher (B. nigra BR, and Q. 

phellos T) and lower (Q. palustris BR, and S. nigra BR) water levels (Table 2-4).   

 

Hydrology in a created wetland influences wetland productivity, nutrient 

availability, and tree survival (Conner 1994, Mitsch and Gosselink 2000).  However, 

hydrologic variables in the current study exhibited less influence on survival than was 

expected.  Wells were not arrayed with plots and small variations in water level, either 

seasonally or microtopographically, may not be accounted for in this study.   

 

Soil organic matter content (OM) among living trees (5.33%) was lower than for 

dead trees (7.00%) for 16 of the 21 species stocktype combinations (Table 2-3).  

Analysis via multiple logistic regression determined that lower OM resulted in survival 

of B. nigra BR, Q. palustris BR, Q. phellos T, and S. nigra BR (Table 2-4). OM was 

also important on the first and second axes of the CCA (Figure 2-1).  Low OM has been 

shown to contribute to poor survival and growth of planted trees (Daniels et al. 2005); 

however our trees survived with lower OM.  Soil organic matter content and water level 

were positively related (R²=0.452) and the statistical importance of organic matter 

content may result from this association.  Organic matter can accumulate in created 

wetlands under saturated soil conditions as a result of lower decomposition rates 

(Atkinson and Cairns 2001).   
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Organic matter is often low in created wetlands (Campbell et al. 2002, Bruland 

and Richardson 2004).  Our OM ranged from 4.36-7.69% (Table 2-1), which is lower 

than a study done by Bruland and Richardson (2006), which found an average OM to be 

11.8% of both created and restored wetlands in the coastal plain region of North 

Carolina. Our OM was higher than that of Whittecar and Daniels (1999), who found 

OM to range from 0.5%-1.1% in created wetlands in Virginia. Our OM content was in a 

similar range of Bruland and Richardson (2004), and Dee and Ahn (2012) who found 

OM to range from 3.5%-7.2%, and 4.2%-6.4% respectively in created wetlands in 

Virginia.  

 

The effect of percent clay in the soil was variable among species and stocktypes. 

Percent clay where living trees occurred was higher (29.8%), when compared to dead 

trees (21.6%) for 12 of the 21 species stocktype combinations (Table 2-3).  Analysis via 

multiple logistic regression determined that clay content was positively associated with 

survival of  B. nigra BR, Q. palustris BR, Q. phellos T, and S. nigra BR (Table 2-4).  

Higher clay may have lead to survival because clayey soils have greater phosphorus 

absorption potential (Brandy and Weil 2002).  Clay was found to have a positive 

correlation with phosphorus (R = 0.51) 

 

Average percent clay (25.6%, Table 2-1) was higher than reported by Bruland 

and Richardson (2004, 8.8%) working in created wetlands in North Carolina.  The 

piedmont region of Virginia is characterized by clayey subsoils which are often exposed 

during construction practices, and may contribute to high clay content seen at our sites.   



 

57 
 

The effect of nitrate/nitrite concentration in the soil was variable among species 

and stocktypes. Nitrate/nitrite concentration where living trees occurred was higher 

(0.041µmol/cm
3
), when compared to dead trees (0.032µmol/cm

3
), for 7 of the 21 

species stocktype combinations (Table 2-3).  Analysis via multiple logistic regression 

determined that higher nitrate/nitrite concentration resulted in survival of: B. nigra BR, 

Q. palustris BR, Q. phellos T, and S. nigra BR (Table 2-4).  Nitrate/nitrite concentration 

was also an important variable on the first axis of the CCA (Figure 2-1).  Our nitrate 

concentrations ranged from 0.002 to 0.15 µmol/cm
3
 which is lower than reported by 

Mitsch et al. (2005, 2.4 -4.9 mg-N/L) for natural wetlands in the Mississippi river basin.  

Moser et al. (2009) found nitrate concentrations in a created wetland in Northern 

Virginia to be similar ( ~3 µg/g) (~0.05 µmol/cm
3
) to our nitrate concentrations.  

Nitrogen has been found to be a limiting factor for primary productivity in created 

wetlands (Atkinson et al. 2010) and higher nitrogen levels can lead to increased survival 

(Brady and Weil 2002).   

 

Phosphate concentration where living trees occurred was higher 

(1.50µmol/cm
3
), when compared to dead trees (1.14µmol/cm

3
), for 8 of the 21 species 

stocktype combinations (Table 2-3).  Analysis via multiple logistic regression 

determined that higher phosphate concentration resulted in survival of: B. nigra BR, Q. 

palustris BR, Q. phellos T, and S. nigra BR (Table 2-4). Phosphate ranged from 0.12 - 

4.63µmol/cm
3
, which was lower than that found by Moser et al. (2009), who found 

phosphorus to have a large range of 0 to 46 μg/g (0 to 0.4963µmol/cm
3
) in created 
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wetlands in Northern Virginia.  Phosphorus was a co-limiting factor in primary 

production within created wetlands according to Atkinson et al. (2010). 

 

Bulk density where living trees occurred was lower (1.02 g/cm³), when 

compared to dead (1.1 g/cm³) trees, for 4 of the 21 species stocktype combinations 

(Table 2-3). Bulk density ranged from 0.76 -1.28g/cm
3
. Our bulk density was in the 

same range of Dee and Ahn (2012), who had an average bulk density of 1.29 g/cm
3
 in 

created wetland in the piedmont region of VA.   Measuring bulk density in created 

wetlands is important because construction methods often cause soil compaction 

(Bruland and Richardson 2006) and higher bulk density can lead to lower water and 

mineral absorption in woody plants, and can limit root penetration causing increased 

mortality as well as slower growth rates of planted trees (Kozlowski 1999).   

 

CONCLUSION 

 

 Survival rates of planted trees in created wetlands can be affected by several 

environmental variables.  Of the trees planted, Q. bicolor and Q. palustris had the 

numerically highest survival. Although Quercus spp. are secondary successional species 

that tend to be slower growing, they have higher shade tolerance (Horn 1974), which 

may be advantageous given conditions found at our sites.  Among stocktypes, G 

exhibited the highest numerical survival, and therefore should be used at sites that must 

reach certain stem density goals.   
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  Strong relationships between survival and environmental variables may not have 

been apparent due to the narrow range of conditions at the 3 sites; however, OM, 

hydrology, and soil nutrients (nitrate/nitrite, and phosphate) had positive and negative 

impacts on survival.  Lower OM was associated with higher survival rates of many 

species stocktype combinations, which may be an indirect effect of hydrology.  
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CHAPTER 3 

COST ASSESSMENT 

In order to determine the cost required to insure adequate stem density based on the 

percent survival the plant material cost and the installation and miscellaneous costs 

(Table 1) were combined with the percent survival after five years years (Table 2).  

 

 

 

Table 3-1 Average planting costs per plant for 2012 in Northern Virginia. Provided by 

Wetland Studies and Solutions, Inc 

Size 

Plant Cost 

(Material) 

Installation 

Cost (Labor) 

Miscellaneous 

Cost Total Costs 

Bareroot  $ 1.00  $ 1.00   $ 0.25   $ 2.25  

Tubeling  $ 1.75   $ 1.75   $ 1.25   $ 4.75  

1-Gallon  $ 5.00   $ 5.00   $ 2.00   $ 12.00  
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Table 3-2 Initial stem density (stems/acre) required for ensuring >400 stems/acre (990 

stems/ha) based on the percent survival of a given species/stocktype combination. The 

cost per ha is the cost in dollars to plant at the initial density for each species/stocktype 

combination. 

 

 

 The results from this analysis suggest that while the 1-gallon stocktype may 

have increased survival it is more cost effective to plant additional bare root stocktypes. 

Rarely is the tubeling stocktype the most economic choice based on survival and total 

cost. 

 

B. nigra Bare root 0.65 1.00 0.25 1.90 39.5 2506 4,761.40$   

B. nigra Gallon 3.25 5.00 2.00 10.25 66.2 1495 15,323.75$ 

B. nigra Tubeling 1.00 1.75 1.25 4.00 46.1 2148 8,592.00$   

L. styraciflua Bare root 0.65 1.00 0.25 1.90 31.6 3133 5,952.70$   

L. styraciflua Gallon 3.25 5.00 2.00 10.25 46.8 2115 21,678.75$ 

L. styraciflua Tubeling 1.00 1.75 1.25 4.00 12 8250 33,000.00$ 

P. occidentalis Bare root 0.65 1.00 0.25 1.90 21.1 4692 8,914.80$   

P. occidentalis Gallon 3.25 5.00 2.00 10.25 30.7 3225 33,056.25$ 

P. occidentalis Tubeling 1.00 1.75 1.25 4.00 42.1 2352 9,408.00$   

Q. bicolor Bare root 0.65 1.00 0.25 1.90 44 2250 4,275.00$   

Q. bicolor Gallon 3.25 5.00 2.00 10.25 75 1320 13,530.00$ 

Q. bicolor Tubeling 1.00 1.75 1.25 4.00 60.5 1636 6,544.00$   

Q. palustris Bare root 0.65 1.00 0.25 1.90 50 1980 3,762.00$   

Q. palustris Gallon 3.25 5.00 2.00 10.25 76.3 1298 13,304.50$ 

Q. palustris Tubeling 1.00 1.75 1.25 4.00 56.4 1755 7,020.00$   

Q. phellos Bare root 0.65 1.00 0.25 1.90 11.7 8462 16,077.80$ 

Q. phellos Gallon 3.25 5.00 2.00 10.25 70.1 1412 14,473.00$ 

Q. phellos Tubeling 1.00 1.75 1.25 4.00 7.9 12532 50,128.00$ 

S. nigra Bare root 0.48 1.00 0.25 1.73 28.9 3426 5,926.98$   

S. nigra Gallon 7.95 5.00 2.00 14.95 67.1 1475 22,051.25$ 

S. nigra Tubeling 1.00 1.75 1.25 4.00 49.3 2008 8,032.00$   

% 

Survival

Density 

Required

Coast per 

HectareSpecies Stocktype

Price (per 

tree)

Installation 

costs

Misc.   

cost

Total 

costs
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APPENDIX A 

PEARSON CORRELATION 

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). 

 

NAME 
W

A 
NP 

B

D 

NO3

NO2 

N

H4 

P

O4 

SoilM

oist 

Part

Size 

O

M 

Wtr

Lvl 

EL

EV 

NOx

Up 

NOx

Low 

NH4

Up 

NH4

Low 

Per

Silt 

PerC

lay 

PerS

and 

AVG

RW 

AVNO

GRW 

PerI

nun 

WA 1 

-

0.1
9 

0.0

3 
0.29 

-

0.2 

-

0.0
9 

-0.31 -0.19 
0.0

1 
-0.19 

-

0.42 
0.23 0.28 -0.13 -0.17 

-

0.06 
0.15 -0.13 -0.2 -0.07 -0.11 

NP   1 

-

0.3

3 

-0.07 
0.7

6 

-

0.3

5 

0.32 0 
0.1

6 
-0.01 0.5 -0.01 -0.19 0.74 0.37 0.35 -0.2 0.01 0.41 0.07 0.25 

BD     1 0.19 

-

0.4

2 

0.1
3 

-0.67 0.03 

-

0.4

6 

0.02 
-

0.38 
0.2 0.15 -0.43 -0.11 

-
0.37 

0.22 -0.01 -0.34 -0.1 -0.11 

NO3NO2_u

m_gdw 
      1 

-

0.0
8 

0.0

2 
-0.44 -0.21 

-

0.3
2 

-0.11 
-

0.36 
0.83 0.92 -0.07 0 

-

0.14 
0.29 -0.24 -0.15 0.22 0.21 

NH4_um_g

dw 
        1 

-
0.0

2 

0.3 -0.16 
0.0

4 
0.08 0.2 -0.06 -0.09 0.89 0.69 0.15 0.04 -0.14 0.15 -0.08 0.08 
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NAME 
W

A 
NP 

B

D 

NO3

NO2 

N

H4 

P

O4 

SoilM

oist 

Part

Size 

O

M 

Wtr

Lvl 

EL

EV 

NOx

Up 

NOx

Low 

NH4

Up 

NH4

Low 

Per

Silt 

PerC

lay 

PerS

and 

AVG

RW 

AVNO

GRW 

PerI

nun 

PO4_um_gd
w 

          1 -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 

SoilMoist             1 0.13 
0.4

8 
0.22 0.49 -0.35 -0.41 0.42 0.06 0.38 -0.35 0.15 0.4 0.04 0.11 

PartSize_um               1 0.3 -0.22 0.47 -0.26 -0.14 -0.08 -0.17 
-

0.02 
-0.84 0.96 0.3 0.02 0.03 

OM                 1 -0.16 0.58 -0.31 -0.26 0.19 -0.14 0.36 -0.55 0.39 0.45 -0.1 -0.11 

                      
WtrLvl                   1 

-

0.12 
-0.12 -0.08 0.1 0.02 

-

0.09 
0.27 -0.25 0.02 0.18 0.05 

ELEV                     1 -0.27 -0.36 0.24 0 0.46 -0.67 0.46 0.74 0.19 0.27 

NOxUp                       1 0.54 -0.1 0.07 
-

0.16 
0.3 -0.24 -0.15 0.13 0.13 

NOxLow                         1 -0.03 -0.04 
-

0.11 
0.22 -0.19 -0.12 0.23 0.22 

NH4Up                           1 0.52 0.22 -0.08 -0.04 0.22 -0.07 0.1 

NH4Low                             1 
-

0.14 
0.19 -0.14 -0.06 -0.14 -0.05 

PerSilt                               1 -0.46 -0.1 0.41 0.17 0.25 

PerClay                                 1 
-

0.84 
-0.5 -0.05 -0.09 

PerSand                                   1 0.31 -0.05 -0.06 

AVGR

W 
                                    1 0.48 0.68 

AVNOG

RW 
                                      1 0.74 

PerInun                                         1 

Pearson correlation The pair(s) of variables with positive correlation coefficients and P values below 0.050 tend to increase together. 

For the pairs with negative correlation coefficients and P values below 0.050, one variable tends to decrease while the other increases. 

For pairs with P values greater than 0.050, there is no significant relationship between the two variable



 

68 
 

APPENDIX B.  

SITE MAPS 

Phase I of the Loudoun County Wetland and Stream Bank, trees indicated by circles 
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Phase II of the Loudoun County Wetland and Stream Bank, trees indicated by circles 

 

 

 



 

70 
 

Phase III of the Loudoun County Wetland and Stream Bank, trees indicated by circles 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




