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 (ABSTRACT) 

 

Past research indicates that created non-tidal wetlands in the mid-Atlantic region are 

considerably lower in soil organic matter than native forested hydric soils.  However, 

optimal loading rates for created wetland soil reconstruction have not been rigorously 

established.  Our objective was to determine appropriate organic amendment loading 

rates for a Coastal Plain mitigation wetland based on 1) soil properties reflective of 

hydric soil development, 2) the formation of redoximorphic features, and 3) the growth 

and vigor of hydrophytic vegetation. The study contained wet (CCW-Wet) and dry 

(CCW-Dry) experiments, each receiving 6 compost treatments (0 Mg/ha untilled and 0, 

56, 112, 224, and 336 Mg/ha tilled).  Over the 1.5-year monitoring period, redox potential 

decreased and redoximorphic feature formation increased with compost loadings up to 

112 Mg/ha.  Surface bulk density decreased with loadings up to 224 Mg/ha, while no 

treatment differences were noted in sub-surface bulk density. In the CCW-Dry 

experiment, soil moisture peaked in the 224 Mg/ha treatment, while soil moisture in 

CCW-Wet increased consistently across all loadings.  Total biomass in CCW-Wet and 

Betula nigra L. growth in both experiments increased with loading rate.  Total biomass in 

CCW-Dry and Quercus palustris Muench. growth in both experiments peaked at 112 

Mg/ha, although differences were not significant.  Collectively, these findings indicate 

that 112 Mg/ha of high quality organic amendment was optimal for inducing hydric soil 

conditions and positive hydrophytic vegetation response. Incorporating compost at rates 

exceeding 112 Mg/ha is challenging and leads to higher surface elevations and redox 

levels in the initial growing season.   
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1.  INTRODUCTION 
 

Mitsch and Gosselink (2000) describe wetlands as “the kidneys of the landscape” due to 

their role in ecological functions such as sediment trapping, floodwater retention, groundwater 

recharge, and water purification.  These ecosystems also provide unique habitat values for many 

rare and endangered species.  The vital role wetlands play in global health has recently been 

recognized in the United States through federal no net loss mandates. 

Under Section 404 of the Clean Water Act (Public Law 95-217), unavoidable degradation 

of wetlands must be compensated for via mitigation in the form of wetland preservation, 

restoration, or creation.  Wetland creation converts upland areas to jurisdictional wetlands by 

excavating a depression that intercepts the surficial groundwater table or by hydraulically 

connecting the site to an adequate source of surface water (Brinson and Rheinhardt, 1996).  From 

a regulatory perspective, the relative success of a created wetland is determined by whether the 

site exhibits appropriate characteristics necessary to meet jurisdictional status: 1) hydric soils, 2) 

a dominance of hydrophytic vegetation, and 3) wetland hydrology (Environmental Laboratory, 

1987). 

 Soils are vital to the functional success of created wetlands as they are the ecological 

foundation for most biological, chemical, and physical wetland processes.  The organic matter 

fraction of soil imparts numerous beneficial properties to soil and, therefore, is particularly 

important in establishing an appropriate wetland foundation.  Organic matter increases wetland 

plant productivity by decreasing bulk density and providing essential nutrients (Nair et al., 2001).  

Microbial populations also depend on organic matter as an energy source that enables vital 

metabolic processes to occur (Ugolini and Edmonds, 1983).  Aside from adequate hydrology, a 

palatable organic matter source is the most important factor for soil reducing conditions to 

develop (Vepraskas and Sprecher, 1997).  These reducing conditions and associated redox 

processes and organic matter accumulation form the basis for hydric soil development in 

wetlands. 

 Studies comparing natural wetlands and created wetlands have consistently found the 

latter to contain lower amounts of organic matter (Confer and Niering, 1992; Bishel-Machung et 

al., 1996; Shaffer and Ernst, 1999).  Additionally, created wetlands often differ significantly 

from natural wetlands in bulk density, pH, micro-topography, and matrix chroma (Daniels et al., 
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1996; Stolt et al., 1998; Cummings, 1999).  Adverse soil conditions in created wetlands may 

hinder hydrophytic vegetation establishment and result in differing species compositions from 

natural wetlands (Campbell et al., 2002; Balcombe et al., 2005).  These differences are often the 

result of poor soil reconstruction practices and the lack of organic matter accumulation which 

could be ameliorated with the implementation of hydric soil construction standards (Cummings, 

1999).  

 To date, approximately 50% of the total wetlands in the United States have been 

disturbed or destroyed (Dahl, 1990; Mitsch and Gosselink, 2000).  Wetland creation has the 

potential of replacing lost wetlands and the invaluable functions associated with these 

ecosystems.  In order to reach this potential, we must utilize known procedures, including 

additions of organic matter, which have proven to increase the success of wetland creation 

projects (Stauffer and Brooks, 1997; Bruland and Richardson, 2004).  Otherwise, wetland 

creation may impose a false “sense of security” enabling wetland destruction to continue. 

 Although the importance of organic matter additions into created wetlands has been 

recognized, no known replicated scientific studies have been reported to specify appropriate 

organic matter loading rates.  Likewise, limited research has been conducted on the effects of 

varying organic matter additions into created wetlands upon hydric soil development.  Therefore, 

the Charles City Wetland experiment (CCW) was developed with the following overall 

objectives:  

1. To quantify the overall effects of organic matter amendments on soil redox potential, 

bulk density, and volumetric water content; 

2. To determine the effects of organic matter amendments on soil redox feature 

formation; 

3. To measure the overall effects of organic matter amendment upon the growth, and 

vigor of planted bottomland hardwood species in a created wetland; 

4. To specify an appropriate loading rate of organic matter amendments for non-tidal 

forested created wetlands in the mid-Atlantic Coastal Plain. 
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2.  LITERATURE REVIEW 
 
2.1  Wetland Definitions and Functions 
 

Many wetland definitions have been developed by various researchers and regulatory 

agencies and it remains debatable as to which is most accurate.  Mitsch and Gosselink (2000) 

cite the National Research Council (NRC) as having created the most scientifically 

comprehensive wetland definition: 

“A wetland is an ecosystem that depends on constant or recurrent, shallow 

inundation or saturation at or near the surface of the substrate.  The minimum 

essential characteristics of a wetland are recurrent, sustained inundation or 

saturation at or near the surface and the presence of physical, chemical, and 

biological features reflective or recurrent, sustained inundation or saturation.  

Common diagnostic features of wetlands are hydric soils and hydrophytic 

vegetation.  These features will be present except where specific physiochemical, 

biotic, or anthropogenic factors have removed them or prevent their development” 

(NRC, 1995). 

 
The U.S Army Corps of Engineers (COE) utilize the regulatory wetland definition in the Clean 

Water Act, hence, this is considered the most widely used definition of a wetland: 

“The term “wetlands” means those areas that are inundated or saturated by surface 

or groundwater at a frequency and duration to support, and that under normal 

circumstances do support, a prevalence of vegetation typically adapted for life in 

saturated soil conditions.  Wetlands generally include swamps, marshes, bogs, and 

similar areas” (40 CFR 230.3). 

 
While a universally accepted wetland definition is wanting, the ecological, 

biogeochemical, and anthropogenic functions and values that wetlands provide are well 

documented.  Wetlands are unique ecosystems that have been described as the kidneys of the 

landscape due to their positive impacts on water quality (Mitsch and Gosselink, 2000).   Wetland 

vegetation and soil play an important role in the enhancement of water quality.  A study 

conducted by Simpson et al. (1983) revealed that vegetation played a major role in the uptake of 

N and P as well as substantial quantities of heavy metals.  In the same study, wetland soils were 

reported to act as short term sinks for soluble heavy metals like Fe and Mn, and long term sinks 
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for insoluble metals such as Pb.  In addition, wetlands retain sediments, thus further improving 

water quality in downstream reaches. 

 Plant and animal habitat values provided by wetlands are unparalleled as the majority of 

endangered species depend on these systems for survival (Tiner, 1987).  Wetlands maintain 

biotic diversity as well as food chain support (Clewell and Lea, 1990).  These systems may also 

provide direct economical benefits such as crawfish, finfish, and shellfish production, honey 

production, recreational opportunities, and timber production. 

 Forested wetlands provide a variety of unique functions and anthropogenic values.  For 

example, wetland trees a) improve air quality by filtering particulates, b) reduce floodwater 

damage by resistance of stream flow, and c) reduce noise pollution in urban areas (Clewell and 

Lea, 1990).  Forested wetlands also provide erosion control, groundwater recharge, and surface 

water storage (Tiner, 1987).      

 
2.2  Historical Background 

 
 The last three decades have brought to light the importance of wetlands in the United 

States and globally.  Previously, wetlands were considered nuisances, at best, and government 

incentives such as the Swamp Lands Acts of 1849, 1850, and 1860 promoted conversion of wet 

areas to “useable” land by way of draining and filling.  The consequence of this mentality 

resulted in a 50% reduction of total wetlands in the lower 48 states by the mid-1970s (Dahl, 

1990; Mitsch and Gosselink, 2000).  Haynes and Moore (1988) estimate an 81% total loss of 

bottomland hardwood forested wetlands, with 92% of the loss occurring in the southeastern 

United States. 

 In the early 1970s scientists, politicians, legislators, and the general community began to 

recognize the invaluable functions that wetlands provide and the alarming rate at which they 

were being destroyed.  In 1977 President Jimmy Carter issued two executive orders that directly 

pertained to the preservation and protection of wetlands in the United States (Mitsch and 

Gosselink, 2000).  Ten years later, the Environmental Protection Agency would request the 

convention of a National Wetlands Policy Forum (NWPF) by the Conservation Foundation to 

address concerns regarding wetland policy.  The NWPF (1988) recommended in their final 

report that: 
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“the nation establish a national wetlands protection policy to achieve no overall net 

loss of the nation’s remaining wetlands base, as defined by acreage and function, 

and to restore and create wetlands, where feasible, to increase the quality and 

quantity of the nation’s wetland resource base.” 

 
The recommendation of no net loss of wetlands was re-iterated in 1990 by President 

George Bush, Sr. as a national goal (Mitsch and Gosselink, 2000).  Federal agencies, driven by 

the hypothetical ‘green light’ to protect wetlands, rushed to develop a legal vehicle to limit 

further losses.  The result was protection of wetlands under Section 404 of the Clean Water Act.  

This section mandates that waters of the United States may not be dredged or filled without a 

permit from the COE.  In compliance with the national goal of no net loss of wetlands, if a 

permit is granted for the disturbance or destruction of a wetland, then compensatory mitigation 

must take place.  

The Clean Water Act 404 provisions require a permit to undergo a sequence of review in 

which avoidance of disturbance to the wetland of concern must first be considered.  If avoidance 

is not economically feasible, then a minimization of effects should take place with on-site 

restoration to ameliorate impacts.  Off-site compensation is permitted only when all of the 

previous options have been exhausted.  Compensation may consist of wetland preservation, 

restoration, enhancement, or creation.  

 
2.3  Wetland Creation 
 
 The national goal of no net loss of wetlands coupled with the distribution of permits 

allowing alteration of wetlands creates a scenario in which the creation of wetlands is necessary.  

Wetland creation also presumably serves as a tool to reach the goal formalized by NWPF in 1988 

to “increase the quality and quantity of the nation’s wetland resource base”.  The Virginia 

Department of Transportation (VDOT) alone has created over 105 non-tidal mitigation wetlands 

in a twenty-year span (Whittecar and Daniels, 1999).  Similarly, the North Carolina Department 

of Transportation currently has over 150 compensatory mitigation sites that are proposed, being 

developed, or completed (Rheinhardt and Brinson, 2000). 

 The preferred location of compensatory mitigation is within the watershed of disturbance.  

Occasionally, mitigation sites are aggregated together to form one large “mitigation bank” versus 

numerous small sites, which often results in mitigation outside of the disturbed watershed.  Type-
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for-type mitigation is usually mandated when a permit is granted, requiring the responsible party 

to mitigate for the same wetland classification type as the disturbed wetland. Due to historical 

questions of overall mitigation site success, wetland disturbance permits usually require more 

area to be restored than was impacted, and the ratio of impacted:created area varies from 1:1 to > 

3:1.  In general, forested wetlands (as described by Cowardin et al., 1979) have the highest 

mitigation ratio due to their inherently complex nature and difficulty of creation. 

 A common form of wetland creation involves the excavation of an upland landscape 

down to the pre-existing water table in order to achieve appropriate hydrology.  The excavated 

soil is removed and often stockpiled in a nearby location in order to reduce transportation costs 

and minimize land area that must be purchased.  The result of this process is often steep 

embankments bordering the mitigation site that lack ecological transitional zones and may 

contribute to sedimentation within the site (Haering et al., 1994).  Unless topsoil replacement 

occurs or an organic matter amendment is applied, mitigation wetlands often lack natural 

amounts of surface soil organic matter (SOM) (Stauffer and Brooks, 1997; Shaffer and Ernst, 

1999; Campbell et al., 2002; Bruland and Richardson, 2004) due to surface exposure of the cut 

subsoil. 

 In order to simplify the water budget, many current wetland designs are dependent upon 

surface water additions for hydrology (Daniels and Whittecar, 2004).  Subsoils of these surface 

water driven systems are usually highly compacted with the intent of creating an impermeable 

layer to limit groundwater seepage. Constructed wetlands designed in this fashion are 

episaturated, or perched, systems not capable of significant groundwater recharge or discharge 

(Fanning and Fanning, 1989).  Root limiting soils with high bulk densities are a frequent 

secondary consequence of creating perched wetland systems. 

 The success of created wetlands in terms of replacing appropriate function is under 

scientific debate.  In an extensive review of previous wetland mitigation projects, Race and 

Fonseca (1996) found the overall success rate of these systems to be undeniably poor.  In 1985, 

Maguire examined 23 mitigation wetlands in Virginia and determined only half to be successful.  

Additionally, in 2001, the Committee on Mitigation Losses declared “the goal of no net loss of 

wetlands is not being met for wetland functions by the mitigation program, despite progress in 

the last 20 years” (NRC, 2001). 
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Mitsch and Cronk (1992) and Mitsch and Wilson (1996) suggest the following for 

achieving mitigation success: understand wetland function, give the system time, and appreciate 

the idea of self-design.  The concept of self-design relies on the ability of the system itself to 

select the appropriate plants, microbes, and animals that are best adapted for the conditions of 

that particular system.  From a scientific view, the first recommendation is of particular interest. 

By thoroughly understanding wetland functions we covertly gain a better understanding of how 

to replicate functions and increase the long term success of mitigation wetlands. 

                      
2.4  Jurisdictional Requirements 
 

A wetland must qualify as ‘jurisdictional’ in order to be protected under Section 404.  In 

the 1987 Wetlands Delineation Manual, the COE define hydric soil, hydrophytic vegetation, and 

wetland hydrology as the three criteria that must be met for a wetland to be considered 

jurisdictional (Environmental Laboratory, 1987).  In order for a constructed wetland to be 

considered jurisdictional, and thus be released from permit requirements and liability, all three 

criteria must be met, usually within a 5 to 10-year time frame.   

 
2.4.1  Wetland hydrology 
 

According to the COE 1987 manual, the hydrology of an area must be inundated or 

saturated near the surface for 5% of the growing season (depending on soil drainage class), 

contain hydric soils or hydric soil indicators, and promote the growth and reproduction of 

hydrophytic vegetation.  The growing season is defined as the portion of the year when soil 

temperature 50 cm below the soil surface is above biological zero (SCS, 1985) or 50C. Primary 

indicators of wetland hydrology include drainage patterns, drift lines, sediment deposition, 

watermarks, stream gage data, and visual observation of saturated soils or inundation 

(Environmental Laboratory, 1987).  If one or more primary indicators are present then the area 

meets the requirements for wetland hydrology.  In the absence of a primary indicator, the site 

may still meet hydrology requirements if two of the following secondary indicators are present: 

presence of oxidized rhizospheres associated with living plant roots in the upper 30 cm of soil, 

presence of water stained leaves, local soil survey hydrology data for identified soils, and a 

positive FAC-neutral test for vegetation (Environmental Laboratory, 1987). 
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2.4.2  Hydrophytic vegetation 
 

The 1987 COE Manual defines hydrophytic vegetation as:  

“the sum total of macrophytic plant life that occurs in areas where frequency and 

duration of inundation or soil saturation produce permanently or periodically 

saturated soils of sufficient duration to exert a controlling influence on the plant 

species present.”          

                           
To be considered hydrophytic, a species must have an indicator status of OBL, FACW, or 

FAC (excluding FAC-), as described in Table 2.1.  When existing species are ranked in 

descending order of abundance, the dominant species are the most abundant plant species that 

immediately exceed 50% of the total dominance and any additional species greater than 20% 

(50:20 rule).  If more than 50% of the dominant vegetation has a hydrophytic indicator status, 

then the jurisdictional vegetation criteria has been met. 

 
Table 2.1.  Plant indicator status categories (Environmental Laboratory, 1987). 

Indicator Category1 Indicator Symbol Definition 
Obligate Wetland  
Plants 

OBL Plants that occur almost always (est. probability >99%) in 
wetlands under natural conditions, but which may also occur 
rarely (est. probability <1%) in non-wetlands.  Examples:  
Spartina alterniflora, Taxodium distichum. 
 

Facultative Wetland  
Plants 

FACW Plants that occur usually (est. probability >67% to 99%) in 
wetlands, but also occur (est. probability 1% to 33%) in non-
wetlands.  Examples: Fraxinus pennsylvanica, Cornus 
stolonifera. 
 

Facultative Plants 
 

FAC Plants with a similar likelihood (est. probability 33% to 67%) of 
occurring in both wetlands and non-wetlands.  Examples: 
Gleditsia triacanthos, Smilax rotundifolia. 
 
 

Facultative Upland 
 Plants 

FACU Plants that occur sometimes (est. probability 1% to <33%) in 
wetlands, but occur more often (est. probability >67% to 99%) in 
non-wetlands.  Examples:  Quercus rubra, Potentilla arguta. 
 

Upland Plants 
 

UPL Plants that occur rarely (est. probability <1%) in wetlands, but 
occur almost always (est. probability >99%) in non-wetlands 
under natural conditions.  Examples: Pinus echinata, Bromus 
mollis. 

1 Categories were originally developed and defined by the USFWS National Wetlands Inventory and subsequently 
modified by the National Plants List Panel.  The three facultative categories are subdivided by (+) and (-) modifiers. 
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2.4.3 Hydric Soil 
 

The present definition of a hydric soil is “a soil that formed under conditions of 

saturation, flooding, or ponding long enough during the growing season to develop anaerobic 

conditions in the upper part” (Federal Register, February 24, 1995; Mausbach and Parker, 2001).  

This definition, along with the hydric soil criteria developed by the National Technical 

Committee for Hydric Soils (Appendix A), was meant to aid in the mapping of wetlands for the 

National Wetlands Inventory (Richardson and Vepraskas, 2001).  The hydric soil definition and 

criteria were not intended to be used as tools to delineate wetlands in the field since visible 

hydrology is extremely variable and hydrologic monitoring is both time-intensive and expensive. 

In order to identify and delineate hydric soils in the field, USDA-NRCS published Field 

Indicators of Hydric Soils in the United States (Hurt et al., 1998).  Hydric soil indicators are 

based upon the hydrologic and anaerobic requirements outlined in the hydric soil definition (Hurt 

et al., 1998) and are taken as field proof positive tests that a hydric soil is present.  Indicators are 

formed primarily via the accumulation, loss, translocation, or transformation of iron, manganese, 

sulfur, or carbon compounds (Hurt and Carlisle, 2001).  These indicators rely on morphological 

properties of the soil to determine if a hydric soil exists.  A list of the USDA-NRCS hydric soil 

indicators can be found in Appendix B. 

 
2.5 Soil Redox Potential 
 

Oxygen diffuses through saturated soils at a rate 10,000 times slower than if it were 

moving through a well drained soil (Gambrell and Patrick, 1978).  Soils become anaerobic, and 

then reduced, within a few days of saturation due to a decrease in the oxygen diffusion rate 

coupled with the consumption of oxygen via microbial respiration.  Soil reduction continues in 

saturated soils as long as a 1) an adequate microbial population exists, 2) a palatable food supply 

(most commonly organic matter) is present, and 3) the ambient temperature is above 50C 

(Bouma, 1983).  Aside from adequate hydrology, a palatable organic matter source is the most 

important factor for reduction to occur in soils (Vepraskas and Sprecher, 1997). 

 Bacteria in aerated soils preferentially use oxygen as an electron acceptor as it is the most 

efficient oxidizer.  When oxygen is not available, such as in saturated soils, bacteria must utilize 

less efficient alternative electron acceptors.  Alternative electron acceptors in soil are found in 

the following compounds: NO3
-, MnO2, Fe(OH)3, SO4

2-, CO2; and are reduced by bacteria in the 
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sequential order written above (Bohn, 1971; Ponnamperuma, 1972).  For example, if a soil is 

saturated and devoid of oxygen, bacteria will first utilize NO3
- as an electron acceptor before 

MnO2 is reduced. It should be noted that transitional zones do occur where two electron 

acceptors are simultaneously reduced.  The more reduced a soil becomes, the greater the array of 

differing electron acceptors that have been reduced. 

Redox potential (Eh) is a quantitative measurement of the propensity of a soil to reduce or 

oxidize substances based on relative electron availability (Faulkner et al., 1989; Stanturf and 

Schoenholtz, 1998).  When a soil undergoes reduction, Eh decreases and oxygen and other easily 

reducible compounds such as nitrate-N are depleted.  As the reduction sequence proceeds, Mn 

and Fe are sequentially reduced and mobilized, forming characteristic soil redoximorphic 

features such as Fe-depletions and oxidized rhizospheres.  An oxidized soil has an Eh ranging 

from +400 to +700 mV whereas reduced wetland soils can vary greatly in Eh, ranging from +400 

to -400mV (Mitsch and Gosselink, 2000).  Table 2.2 lists several forms of oxidized and reduced 

substances and the ideal assumed equilibrium Eh of the half reaction. 

 
Table 2.2.  Oxidized and reduced forms of several elements and approximate redox  

potentials for transformation (Adapted from Mitsch and Gosselink, 2000). 
 
 

   Element 

 
 

Oxidized Form 

 
 

Reduced Form 

  Approximate Redox 
  Potential for  
  Transformation (mV) 

   Nitrogen      NO3
- (nitrate)      N2O, N2, NH4

+                250 
   Manganese      Mn4+ (manganic)      Mn2+ (manganous)                225 
   Iron      Fe3+ (ferric)      Fe2+ (ferrous)         +100 to -100 
   Sulfur      SO4

= (sulfate)      S= (sulfide)              -100 to -200 
   Carbon      CO2 (carbon dioxide)      CH4 (methane)           Below -200 

 

  

 The redox potential and pH of a soil are inter-dependent.  In an acidic soil, the process of 

saturation and, hence, the decrease in redox potential actually increases the pH.  This pH change 

is due to the consumption of hydrogen ions as reduction reactions occur.  Carbon dioxide present 

in soil buffers the pH and stabilizes the increased pH around 6 to 7 via the H2CO3-HCO3
- 

buffering reaction (McBride, 1994).  In alkaline soils the pH decreases under reducing conditions 

due to the release of soluble metals that can, in turn, precipitate as carbonates, hydroxides, or 

sulfides (McBride, 1994).  In general, reduction reactions occur at decreasing critical Eh levels as 

pH increases.  The Nernst equation relates Eh to the concentration of oxidants (ox) and reductants 

(red) in a redox reaction: 
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   Eh = Eo + 2.3[RT/nF]log{(ox)/(red)] 

   where Eo = potential of reference (mV) 
             R = gas constant = 81.987 cal deg-1 mol-1 
             T = temperature (K) 
             n = number of moles of electrons transferred 
             F = Faraday constant = 23,061 cal/mole-volt 
 

See Appendix C for a diagram of the relationship between Eh and pH based on idealized 

assumptions of redox equilibria in soil systems and the Nernst equation. 

Conducting a measurement of redox potential in saturated soils is often achieved via the 

use of platinum (Pt) electrodes and a calomel reference electrode (Faulkner et al., 1989).  A 

voltmeter connects the two electrodes and measures the abundance of electrons in solution.  The 

more reduced a system, the lower the redox potential.   Redox potential variability associated 

with the use of electrodes is due to the presence of oxidizing or reducing micro-sites within soils.  

It is recommended to use at least five electrodes per depth when measuring Eh in order to 

account for this variability (Vepraskas and Faulkner, 2001).  The use of electrodes to measure Eh 

is inherently problematic (for details see Bohn, 1971; McBride, 1994), however in a temporally 

comparative study these problems are not of great concern. 

 

2.6 Soil Redoximorphic Features 
 

Redoximorphic (redox) features are the visible result of the reduction, movement, re-

oxidation, and concentration of Fe and Mn in saturated soils (Vepraskas, 2001).  The natural 

color of uncoated sand, silt, and clay soil particles is a grayish hue.  Oxidized Fe (Fe+3) imparts a 

brown, red, orange, or yellow color to soil while oxidized Mn (Mn+4) lends a black hue to soils.  

Both Fe and Mn oxides color soil by coating the surface of the particles.   

In reduced soils, alternative electron acceptors such as MnO2 and Fe(OH)3 are utilized, 

resulting in the reduced form of these compounds, Mn+2 and Fe+2.  Reduction of Fe and Mn 

causes a series of events to occur.  First, the Fe and Mn oxides that impart soil color dissolve in 

water, resulting in a gray matrix.  The reduced forms of Fe and Mn move with soil water to other 

regions of the soil fabric (Vepraskas, 1999), or may be completely leached from the profile.  As 

the soil re-oxidizes with time, or when the mobile reduced Fe and Mn ions encounter more 

oxidized or higher pH regions, the reduced Fe-Mn compounds oxidize and form distinctive red, 
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yellow, and black redox concentrations.  The resulting color variegations caused by these 

reduced and oxidized zones give the soil a mottled appearance.   

 There are three primary redox soil features: reduced matrix, redox concentration, and 

redox depletions (Vepraskas, 2001).  Soils with a low chroma due to the presence of reduced 

Fe+2 constitute a reduced matrix.  These soils will change color when exposed to air as Fe+2 

oxidizes to Fe+3 (Vepraskas, 2001) but are rarely observed.  Redox concentrations are Fe or Mn 

oxide accumulations that manifest themselves in three forms: 1) nodules and concretions, 2) 

masses, and 3) pore linings (Vepraskas, 1999).  Low-chroma (≤2) bodies with high values (≥4) 

constitute redox depletions and include Fe and clay depletions (Vepraskas, 1999).  For a detailed 

description and figures of redox concentrations and depletions, please refer to Redoximorphic 

Features for Identifying Aquic Conditions (Vepraskas, 1999).    

A soil has the ability to become reduced and develop redox features given 1) the soil is 

saturated; 2) actively respiring bacteria are present; 3) a palatable food source is available; 4) the 

ambient temperature is above 5oC.  The question regarding the amount of time required for these 

features to develop has been addressed in both a laboratory and field setting.  Of particular 

interest are redox feature development studies conducted in created wetlands.   

Cummings (1999) found oxidized rhizospheres, a type of redox concentration, in a 

created wetland within five years of construction.  Similarly, Vepraskas et al. (1999) reported the 

development of a reduced matrix and redox depletions (both redox features) in a created marsh 

in Illinois five years after establishment.  Redox features were found to develop in less than two 

years in mitigation and natural wetlands in Virginia when Stolt et al. (1998) examined buried 

simulated peds.  The above evidence suggests that redox features may develop relatively rapidly.  

Additionally, Atkinson et al. (1998) and Nair et al. (2001) examined changes in soil color 

features and the development of created wetlands on mined lands in Virginia and Florida, 

respectively.   

 Redox features are important tools for delineating reducing soil conditions.  These 

morphological features provide a mechanism for field determination of hydric soils that is both 

inexpensive and time efficient.  However, the following problems do exist and should be 

considered when examining a soil for redox features: 1) redox features may have developed in 

the past (relic features) and may not accurately represent the current hydrology (Greenberg and 
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Wilding, 1998); 2) the inherent parent material may contain little or no Fe (Vepraskas, 1999); 3) 

redox features can be undetectable due to an organic matter coating (Veneman et al., 1998).  

   

2.7 Soil Organic Matter  
 

Soil organic matter (SOM) is the organic fraction of the soil in various forms of  

decay that has been derived from living organisms (Collins and Kuehl, 2001).  Organic C is the 

dominant component of SOM and can be used to calculate percent SOM via the Van Bemmelen 

factor of multiplying 1.724 by percent organic C (Soil Survey Staff, 1996).  Obviously, the use 

of this factor assumes SOM contains approximately 58% organic C and this ratio may vary 

somewhat by ecosystem.  Biomass, humic and nonhumic substances are the major classifications 

of SOM.   

 Larson and Pierce (1991) specify organic matter as the most valuable tool for assessing 

soil quality.  SOM contributes numerous benefits to the physical, chemical, and biological 

properties of soil (McBride, 1994; Stevenson, 1994) including, but not limited to: 

 
a) increased water holding capacity; 
b) decreased bulk density; 
c) increased cation exchange capacity; 
d) improved soil structure; 
e) high pH buffering capacity; 
f) adsorption of toxins;  
g) increased aeration and infiltration; and 
h) decreased erosion  
                                     

The soil biota depend on decomposition of SOM for a supply of energy provided by 

photosynthetic plants and available nutrients via the process of mineralization (Ugolini and 

Edmonds, 1983).  An increase in net primary production (NPP) of plant biomass leads to SOM 

accumulation and therefore a source of nutrients for developing plant and microbial 

communities.   It is common for NPP in freshwater wetlands to be limited by the availability of P 

(Brown, 1981; Craft et al., 1995).  The addition of OM to soil increases the availability of soil 

phosphates due to a variety of mechanisms including the chelation of polyvalent cations (Al, Fe, 

Ca) by organic acids (Stevenson, 1994; Buol et al., 1997) which decreases P-fixation potentials. 

Decomposition rates affect OM accumulation, soil formation, and plant production.  The 

decomposition of organic matter (OM) is driven by microbial processes which are a function of 
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saturation, temperature, pH, OM quality, and the availability of electron acceptors (Craft, 2001).  

Jenny (1950) studied the effects of temperature on SOM decomposition and found a two to three 

fold increase in decomposition rate with a corresponding 10oC increase in mean annual 

temperature.  Most microbial populations thrive at an approximate temperature of 25oC and a pH 

range of 6 to 8 (Atlas and Bartha, 1987). With the exception of facultative and obligate anaerobic 

bacteria, most microorganisms do not function effectively above a volumetric soil moisture 

content of 30% (Ugolini and Edmonds, 1983) or when the soil approaches saturation.  Anaerobic 

bacteria are less efficient than aerobic bacteria, hence decomposition of OM is much slower in 

wetlands that remain saturated throughout the year (Ponnamperuma, 1972). 

 Wetlands characteristically contain high levels of SOM.  Accumulation of OM occurs 

when annual plant production is high or decomposition conditions are not favorable (Craft, 

2001).  Organic matter accumulates in wetland environments when precipitation exceeds 

evaporation or the groundwater table is high, such as in a floodplain or depressional landscape 

position (Ugolini and Edmonds, 1983).  Saturated conditions favor the accumulation of OM due 

to inhibited microbial activity resulting in decreased decomposition.  In comparison to other 

ecosystems, wetlands accumulate much more OM (Table 2.3) 

 
Table 2.3.  Means and ranges of total detritus (kg/cm2) in soil profiles of ecosystems of  

the world (Ugolini and Edmonds, 1983, as adapted from Schlesinger, 1977). 
Ecosystem Type Mean Range 
Tundra and alpine 21.6 3.7 – 49.8 
Desert scrub 5.6 3.4 – 9.6 
Temperate grassland 19.2 13.3 – 26.2 
Tropical savanna 3.7 0.3 – 8.7 
Temperate forest 11.8 7.2 – 24.0 
Woodland and scrubland 6.9 2.4 – 13.5 
Boreal forest 14.9 5.0 – 31.8 
Tropical forest 10.4 3.7 – 20.5 
Swamp and marsh 68.6 38.5 – 149.8 

 
 
2.8  Physical Properties of Hydric Soils 
 

Hydric soils containing significant amounts of SOM exhibit characteristic physical  

properties such as low bulk density, high water holding capacity, and stable soil structure due to 

the formation of humus  cemented aggregates.  Organic matter helps form stable soil aggregates 

by metal ion complexation, hydrogen bonding, and van der Waals forces exerted between 

clay/oxide surfaces and humic materials (Stevenson, 1994; Buol et al., 1997).  Aluminum and Fe 
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are often associated with oxides and clay minerals. Hence the ability of organic matter to form 

aggregates increases as the clay content of a soil increases. Well aggregated soils possess high 

porosity, which contributes to low bulk density and high water holding capacity (both on a 

weight and volume basis).   

Bulk density is the ratio of dry weight of soil to the known soil volume (Buol et al., 

1997).  As mentioned above, an increase in SOM will increase the porosity which, in turn, 

decreases bulk density.  Bulk density generally increases with increased decomposition and can 

therefore be utilized as a tool to quantify the level of organic matter decomposition (Collins and 

Kuehl, 2001).  Numerous studies of wetland soils have reported a negative relationship between 

organic matter content and bulk density (Boelter, 1969; Bishel-Machung et al., 1996; Nair et al., 

2001).    

  
2.9  Comparison of Created and Natural Wetlands 
 

The outcome of a created wetland project is dependent upon meticulous project  

planning and careful site construction.  Appropriate hydrology is the most important factor in 

determining creation success as it is the driving force behind all wetland ecological functions 

(Hammer, 1992).  The soils in created wetlands provide the foundation for vegetative growth, 

microbial colonization, and biochemical processes associated with wetland functions (Brinson 

and Rheinhardt, 1996).  Adequate hydrology produces hydric soil conditions which, in turn, 

promote the establishment of hydrophytic vegetation. 

 

2.9.1 Hydrology  
 

Confer and Niering (1992) compared five three- to four- year old palustrine/emergent 

created wetlands in Connecticut to nearby natural wetlands of comparable size and type.  Created 

sites had significantly more open water (up to 90%) than natural wetlands (40%).  Mean water 

depth at created sites was also significantly different from natural wetlands with the created sites 

averaging a depth of 20 cm vs. 5 cm in natural wetlands.  Monthly water depth fluctuations were 

significantly different between most created and natural wetlands.  

Similarly, a study conducted by Cole and Brooks (2000) compared the hydrologic 

characteristics of four created and natural wetlands in Pennsylvania.  The hydrology of the 

created wetlands was found to be distinctly different from that of the natural wetlands.  The 
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created sites exhibited a shallower median depth to water, longer periods of time where water 

was found in the root zone, and longer periods of inundation and saturation. The authors 

concluded that created wetlands are not hydrologically functioning as natural floodplain 

wetlands that they were intended to replace. 

Stolt et al. (2000) studied three forested and scrub-shrub paired created and natural 

wetlands in Virginia and found differences between water table depth in two of the three pairs.  

However, the authors reported an overall similarity in hydroperiod for all three pairs. Likewise, 

Cummings (1999) studied a created forested wetland and adjacent natural wetland in Virginia 

and also found similar hydroperiods between the two wetlands.  However, most of the created 

sites cited above suffer from very dry and hot summer conditions due to 1) high clay and bulk 

density surface soil conditions, 2) low levels of organic matter and associated water holding 

capacity, and 3) the lack of an insulating canopy (Daniels and Whittecar, 2004).  This leads to 

the following discussion of soil property differences between created and natural wetlands. 

 
2.9.2 Soil properties and functions 
 

As described in Section 2.3, wetland creation is often achieved by the excavation  

and redistribution of soil from an upland position down to just above the presumed depth of the 

underlying water table.  This process frequently exposes a cut and compacted Bt or C horizon as 

the surface horizon.  If left unamended, soil properties of created wetland surface horizons are 

markedly different from surfaces of the natural wetlands they intend to replace.   

 Stolt et al. (2000) comparison of natural-created wetland pairs found considerable 

differences in soil conditions.  Carbon and N levels were higher in two of the three natural 

wetlands than in created wetlands.  The third natural-created wetland pair exhibited similar levels 

of C and N due to the dry nature of the sites.  Base saturation and pH levels were higher in the 

created wetlands than natural wetlands, while a higher cation exchange capacity (CEC) existed in 

the natural wetlands due to their higher organic matter levels.    

Bishel-Machung et al. (1996) compared soil properties in 20 natural wetlands and 44 one- 

to eight-year old created wetlands in Pennsylvania.  Natural wetlands contained 11% to 20% 

more total soil organic matter than created wetlands at 5 cm.  Natural wetlands contained more 

organic matter at 5 cm than 20 cm while created wetlands were uniform between 5 and 20 cm, 

indicating that organic matter accumulation was not occurring in these created wetlands.  There 
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was no relationship between the age of created wetland projects and soil organic matter content.  

Organic matter content significantly impacted other soil properties.  Bulk density, pH, and matrix 

chroma were higher in created wetlands than natural wetlands while total N was lower in created 

wetlands.   

As pointed out earlier, the ability of a constructed mitigation site to replace wetland 

functions comparable to those of a natural wetland system is still subject to scientific debate.  

However, the capacity of a created wetland to perform wetland soil functions can be evaluated 

by examining important soil components such as plant decomposition and litter accumulation.   

Atkinson and Cairns (2001) investigated eleven 20-yr and six 2-yr-old created wetlands 

for plant decomposition.  The authors found decomposition within the 20-yr-old created 

wetlands to be faster (76% of mean mass remaining) than the 2-yr-old wetlands (85% 

remaining), but greater than reported for natural wetlands (53% remaining).  These results 

indicate that decomposition functions are still developing in the 20-yr-old created wetlands. The 

20-yr-old created wetlands were also evaluated in relation to litter accumulation.  The facultative 

wetland communities accumulated significantly more litter in 20 years than did the obligate 

wetland communities.  Cole et al. (2001) examined seven created wetlands for their relationship 

between plant biomass production and soil organic matter content as related to presumed wetland 

function.  All seven sites exhibited biomass production levels approximately equivalent to that of 

natural freshwater marshes.  The created wetlands contained significantly lower soil organic 

matter levels (2-6%) than comparable natural wetlands (12-21%) even though optimal 

conditions, including prolonged periods of soil saturation and high biomass production, existed 

for soil organic matter accumulation.  These findings were assumed to translate to a loss of 

wetland function within the created wetlands. 

 
2.9.3 Vegetative parameters 
 

The dominance of hydrophytic vegetation in a mitigation wetland is typically the 

key component regulators monitor in order to determine wetland success or failure.  Deeply 

excavated created wetlands often follow a revegetation sequence that mimics primary 

succession.  Although created wetlands may readily meet the jurisdictional requirement for 

hydrophytic vegetation, they may not resemble a comparable natural wetland in plant species 
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composition.  The vegetation in created wetlands may also suffer from nutrient deficiencies due 

to the lack of soil organic matter. 

Balcombe et al. (2005) evaluated similarities between wetland plant community 

composition and structure in eleven mitigation wetlands (8 created and 3 created and restored 

wetlands) and four natural wetlands in West Virginia.  Mitigation wetlands contained higher 

species richness, evenness, and diversity than natural wetlands.  Mean total percent cover and 

mean weighted averages were similar in created and natural wetlands.  However, mitigation 

wetlands exhibited different species composition than natural wetlands with more pioneer 

species, non-native dominants, and species contributing lower conservation quality.  Similar 

results were reported by DeBerry and Perry (2004) in a created wetland and adjacent natural 

wetland in Virginia.  These authors found similar standing crop but different dominant species 

between the two wetlands.  Parikh and Gale (1998) also found greater species richness in created 

vs. natural wetland pairs in California.  Campbell et al. (2002) found a greater proportion of 

upland species present in 12 created wetlands when compared to 14 natural wetlands in 

Pennsylvania.  However, Campbell et al. (2002) found lower species richness in created 

wetlands.  When the soils of created wetlands were examined by Campbell et al. (2002) they 

contained less organic matter, greater bulk densities, higher matrix chroma, and more rock 

fragments than associated natural wetlands.  These authors attributed the greater number of 

upland plants in created wetlands to soil differences and lack of ecological maturity. 

 
2.9.4 Addition of organic matter into created wetlands 
 

The addition of organic matter may accelerate the development of wetland functions in 

created wetlands by way of establishing a hydric soil foundation similar to that found in natural 

wetlands.  Several studies have been conducted that either demonstrate the effect of organic 

matter additions on created wetland soil properties and vegetative growth and/or provide soil 

reconstruction recommendations for created wetlands.   

 Recently in Virginia, six created wetlands that received at least 15 cm of topsoil were 

compared to five created wetlands which received no topsoil addition (Bruland and Richardson, 

2004).  The topsoil amended sites displayed significantly increased levels of moisture, water 

holding capacity, and P sorption index in comparison to sites that did not receive topsoil.  These 

sites also exhibited elevated levels of soil organic matter, although the difference was not 
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significant.  The authors advocated the use of topsoil or organic matter in created wetlands in 

order to encourage functional wetland mitigation. 

Stauffer and Brooks (1997) examined soil response to two soil amendments, salvaged 

marsh surface (SMS) and leaf litter compost (LLC), in a Pennsylvanian created wetland.  

Organic matter content significantly increased for both soil amendments the first year, but only 

LLC plots remained significantly higher than control plots the second year.  SMS plots contained 

higher levels of NO3 than control plots and LLC plots contained higher levels of both NO3 and 

NH4.  Additionally, the LLC treatments raised the soil pH, whereas SMS additions did not.  

Stauffer and Brooks (1997) also examined the effects the two soil amendments had on wetland 

plant establishment.  The objectives were 1) to evaluate if SMS could effectively vegetate the 

experimental plots and 2) determine if LLC increased the survivorship of hand planted Carex 

lurida (lurid sedge).  SMS additions increased plant species richness, total vegetative cover, and 

plant diversity.  SMS plots also contained more hydrophytic vegetation than control plots.  The 

addition of LLC to experimental plots provided essential plant nutrients and aided in soil 

moisture retention, thereby increasing the survivorship of hand planted Carex. 

In a study of phosphate-mined created wetlands in Florida, Nair et al. (2001) 

recommended the incorporation of organic matter into the soil surface upon completion of 

construction in order to increase the rate of wetland soil development. Daniels and Whittecar 

(2004) examined the problems associated with created wetlands in Virginia and developed the 

following recommendations pertaining to soil reconstruction:  

 

“1) rip and chisel-plow both the subsoil and the topsoil layers applied to 

mitigation sites to reduce compaction; 2) increase the amount of microtopography 

on the wetland surface in order to increase the variability of environmental 

conditions for flora and fauna; 3) return natural hydric muck or topsoil layers to 

mitigation sites to ensure adequate soil organic matter and biotic activity levels.  

Where this is not possible, supplement mitigation sites with suitable organic 

matter additions such as yard waste compost at 112 to 224 Mg/ha; 4) carefully till 

the surface to ensure adequate organic matter incorporation.”   
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2.10 Summary 
 

The United States recognizes the valuable functions that wetlands provide through the 

protection of jurisdictional wetlands.  Unavoidable degradation of jurisdictional wetlands must 

be mitigated for via comparable wetland preservation, restoration, or creation.  The 

determination of wetland creation success is based upon the presence of 1) hydric soils, 2) 

hydrophytic vegetation, and 3) wetland hydrology.  The reconstruction of wetland soils is of 

particular importance as they provide the ecological foundation for most biological, chemical, 

and physical wetland processes. 

 Typically, created wetlands are constructed via the excavation of an upland area down to 

the surficial water table.  The resulting surface soil often exhibits properties quite different from 

soils found in natural wetlands, such as higher bulk density, differing pH, lower organic matter 

levels, and a lack of microtopography.  Additionally, adverse soil conditions in created wetlands 

may hinder hydrophytic vegetation establishment and result in differing species composition 

from natural wetlands. 

  An organic matter source and appropriate decomposition is essential for wetland soil 

processes to take place.  Organic matter increases plant productivity by decreasing bulk density 

and providing essential nutrients.  Microbial populations also depend on organic matter as an 

energy source that enables metabolic.  Active microbial populations, coupled with appropriate 

hydrology, are the driving force behind reduction reactions in soil.  These reduction reactions 

form the foundation for hydric soil development. 

  When topsoil replacement has not occurred in created wetlands, appropriate organic 

matter additions are a means to promote created wetland success by providing a suitable 

substrate for vegetation establishment, microbial populations, and hydric soil development.   
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3.  MATERIALS AND METHODS 
 

3.1 Site Description 
 
 The Charles City Wetland Mitigation Site (CCW) is a Virginia Department of 

Transportation (VDOT) constructed mitigation wetland located west of State Route 623 in 

Charles City County, Virginia and adjacent to the private sector Greensprings Mitigation Site 

(Figure 3.1).  CCW is located in the Coastal Plain physiographic province and underlain by the 

Pleistocene aged Shirley formation.  This site is approximately 0.4 km northwest of the 

Chickahominy State Wildlife Management Area and is drained by Barrows Creek. Charles City 

County receives an annual total precipitation of approximately 109 cm, of which 55 percent 

usually falls between April and September (NRCS, 2005).  The growing season extends from 

March 30 to November 12, entailing 227 days (NRCS, 2005).  The average winter temperature in 

Charles City County is 3.9 degrees C, while the average summer temperature is 24.4 degrees 

(NRCS, 2005). 

 
Figure 3.1.  The Charles City Wetland (CCW) study area location. 
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Construction of CCW was initially completed in mid-summer of 1996 in order to 

compensate for the disturbance of wetlands by VDOT during the construction of Route 199 

around the town Williamsburg, Virginia.  The site encompasses 20.8 ha, of which 18.3 ha are 

designated to replace forested wetlands.  The mitigation area was constructed by the placement 

of a berm across a headwater stream to Barrows Creek and subsequent excavation of adjacent 

upland areas (VHB, 1998).  Within the proposed forested wetland area, approximately 45 to 60 

cm of solum was removed, thereby exposing a silty E and/or plastic argillic Btg horizon(s) as the 

surface horizon over the vast majority of the site. 

 The exposed surface horizon present at CCW is characterized by a clayey texture that is 

high in shrink-swell clay.  Due to the large amount of smectitic clays, the surface is typically 

riddled with 1 to 5 cm cracks in the later summer months.  The upper portion of the soil is 

extremely dense due to the use of heavy machinery in creation of the wetland.  Although topsoil 

replacement was mandated upon site completion, there is little evidence that this occurred, 

leaving the soil with low soil organic matter (SOM).  A large stockpile of excavated A and E 

horizon material remains just to the north of the experimental plot area.  Upon completion of 

initial grading, the site was seeded with a grass seed mix of Lolium perenne L. and Panicum 

virgatum L. (DeBerry and Perry, 2004). 

 Fall and winter months at CCW are accompanied by standing water varying in depth 

from 1 to 60 cm, depending on recent precipitation events.  In the fall, this water appears to be 

perched over the restrictive Btg, as the bottom 60 to 90 cm of soil remains unsaturated.  It can be 

deduced from these observations that precipitation is the primary source of water budget input 

(Schmidt, 2002). 

 The original soils within CCW were mapped as Newflat series intermixed with 

Chickahominy on 0-2 percent slopes (Schmidt, 2002).  The taxonomic class of Newflat soils is 

fine, mixed, subactive, thermic Aeric Endoaquults.  These soils are somewhat poorly drained and 

formed along stream terraces and mineral flats from clayey fluvial sediment depositions (NRCS, 

2005).  Chickahominy soils are classified as fine, mixed, semiactive, thermic Typic Endoaquults 

and are hydric.  These soils are described as poorly drained and developed in a similar manner 

and geographic setting as the Newflat series (NRCS, 2005).  Chickahominy soils are noted for 

their high shrink-swell potential and low strength.   
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 Due to the excessively dry soil conditions at CCW in the summer months and the overall 

poor soil quality, VDOT modified 6 ha of the site near our experiments in the spring of 2003 by 

excavating up to 65 cm of the soil surface.  It is important to note that the experiments 

themselves were not modified.  The excavated soil was stockpiled on site and two approaches 

were taken to amend the soil.  In both amendment regimes, the subsoil was ripped to a depth of 

45 cm.  In the first treatment, 7.5 cm of excavated soil was replaced over the ripped soil, 

followed by 7.5 cm of yard-waste compost. This method proved to be inadequate as the 

construction equipment severely re-compacted the soil.  The second treatment entailed off-site 

mixing of excavated soil with yard-waste compost to achieve a 1:1 ratio.  This material was then 

applied to the site at a depth of 15 cm.  The amendment settled a considerable amount and 

additional compost was applied to bring the elevation up to a final design elevation of 10.2 m.  A 

total 4567 m3 of yard-waste compost was applied over the 6 ha area (R. Condrey, personal 

comm.).  Contractors obtained the yard-waste compost from Cinter Construction Company of 

Charles City County, VA. While this adjacent treatment did not affect the conduct of the study 

reported here, it is important framing information for our study and results.  

 

3.2 Experimental Design 
 
3.2.1 Experiments 
 
 Two experiments, one “dry” and one “wet”, were selected based on the presence/absence 

of hydrophytic vegetation and associated surface indicators of wetland hydrology (J. Perry, 

personal comm.).  The dry and wet experiments will hereafter be referred to as CCW-Dry and 

CCW-Wet, respectively.  Both experiments were designed with twenty 4.6 x 3.0 m plots 

separated by 3.0 m alleyways (Figure 3.2).   

 The area encompassing CCW-Dry was selected based on dominant vegetation that did 

not meet wetland indicator status of obligate, facultative wet, or facultative (Reed, 1988).  

Dominant species in CCW-Dry included Lespedeza cuneata (Dum. Cours.) G. Don and Panicum 

anceps Michx.  Dimensions for this experiment were determined to be approximately 27.4 m, in 

accordance with endemic dry vegetation.  CCW-Dry was laid out as a completely randomized 

design (CRD) due to the lack of any obvious soil or wetness gradient in the field (Figure 3.2). 
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 Delineation of the nearby wet experiment, CCW-Wet, was based upon the existence of 

dominant hydrophytic vegetation such as Typha angustifolia L., Juncus effusus L., and Scirpus 

cyperinus (L.) Kunth.  Due to the irregular shape of consistent hydrophytic vegetation, CCW-

Wet was designed to fit into the area bound by appropriate vegetation.  This resulted in two 27.4 

x 12.2 m rectangles adjacent to one another, forming an overall rectangular shaped experiment.  

The long, linear extension of the area, as well as observed lateral apparent soil ponding and 

vegetation indicators, indicating that a randomized complete block design (RCBD), as seen in 

Figure 3.2, was most appropriate. 

 Designated unaltered and directly adjacent external control plots represent the wet and 

dry experiments as they existed before manipulation.  These plots were selected based on the 

presence of synonymous vegetation found within the experiments.  Four pseudo-replicates of the 

control plots, with areas of 4.6 x 3.1 m, were designated for both CCW-Dry and CCW-Wet.  

These psuedo-control plots presumably experience similar hydrology, temperature, and elevation 

as the adjacent treated plots. 

 
3.2.2 Organic Matter Amendment 
 
 We selected a mixed wood and yard-waste compost processed by Grind-All LLC of 

Richmond, VA as the organic matter amendment to be incorporated into the CCW experiments.  

This product was used due to its relative stability, history of use, and moderate degree of 

decomposition.  This material also had a relatively low total-N content that allowed for high 

application rates without the release of excessive mineral N -forms into the system. A complete 

compost properties data set is given in Table 3.1 

 Five compost treatments, each replicated four times, were applied to both experiments in 

order to determine the effects of increased loading rates on hydric soil processes in created 

wetlands (Table 3.2).  The loading rates were chosen to 1) bracket the currently utilized and 

recommended rates employed by the wetland design and construction industry, and 2) coincide 

with loading rates reported for other disturbed land re-vegetation studies in Virginia.   
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Figure 3.2.  Organic matter treatment plots in the Charles City Wetland Dry experiment (CCW-Dry) and the Charles City Wetland Wet 

experiment (CCW-Wet). 
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Table 3.1.  Organic matter amendment properties prior to the incorporation into the Charles City  
 Wetland (CCW) experiments.   

Analysis Units -----------------Yard-waste compost samples-----------------  
    1 2 3 4 5 ū 

Solids g/kg 560 600 500 530 530 540 
TKN g/kg 8.50 8.40 8.90 8.00 9.20 8.60 
P g/kg 0.90 0.70 0.80 0.80 0.80 0.80 
K g/kg 4.00 3.60 3.60 4.10 3.80 3.80 
S g/kg 1.20 1.10 1.20 1.10 1.10 1.10 
Ca g/kg 13.6 11.8 12.7 12.1 12.2 12.5 
Mg g/kg 20 18 18 20 20 19 
Fe g/kg 6.3 6.5 6.0 5.9 5.8 6.1 
Al g/kg 7.2 6.9 7.6 7.4 6.8 7.2 
Mn mg/kg 407 360 366 395 398 385 
Cu mg/kg 38 33 51 29 28 36 
Zn mg/kg 111 96 100 92 90 98 
Organic N g/kg 8.4 7.2 8.7 7.8 9.1 8.2 
Organic C g/kg 370 307 381 310 427 359 
C/N  44 43 44 40 47 44 
EC dS/m 0.56 0.66 0.64 1.20 0.74 0.76 

 

 

A and L Laboratories Inc., Richmond, analyzed the compost samples via the following methods: 

• Percent Solids – SM 25408 (AWWA, 1998) 
• Total Kjeldahl Nitrogen – EPA 351.3 (EPA, 1979)  
• P, K, S, Ca, Mg, Na, Fe, Al, Mn, Cu, Zn – SW 846-6010B (EPA, 1995)  
• Organic Nitrogen – EPA 351.3 (EPA, 1979) 
• Organic Carbon − EPA 415.1 (EPA, 1979) 
• Electrical Conductivity – (AWWA, 1998) 

 

 
 
Table 3.2.  Organic matter amendment loading rates (tons/acre and Mg/ha) and approximate % 
 dry weight in soil per treatment for the Charles City Wetland (CCW) experiments. 

Treatment Loading rate 
tons/acre 

Loading rate 
Mg/ha 

Approx. % dry 
weight in soil 

1 0 0 0 
2 25 56 2.5 
3 50 112 5.0 
4 100 224 10.0 
5 150 336 15.0 
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3.3  Site Preparation 

 
3.3.1  Site and Soil Preparation 
   

  In late June of 2002 a John Deere 1200 tractor equipped with a bush-hog removed the 

existing standing vegetation within the experiments.  Subsequently, a 1.8 m wide offset disk set 

was pulled behind the tractor.  We realized upon examination of the experiments that the disk 

attachment had not provided adequate soil tillage.  The soils of both experiments were then 

ripped with a root rake attached to a CAT D-9 track bulldozer to a depth of approximately 15 

cm.  The soil was first ripped in one direction and then in a perpendicular direction.  Soil 

undulations existing in CCW-Dry and CCW-Wet were subsequently smoothed by a roto-tiller 

attached to a John Deere 5200 tractor. 

  In order to determine lime requirements for the experiments, pH was measured in the 

field with a portable pH meter.  All measurements for CCW-Dry and CCW-Wet yielded a pH 

higher than 6.0, therefore, it was not necessary to add lime to either experiment. 

  Compost loading rates were applied to the plots in July 2002 based on the “calibrated 

bucket method”.  This method entailed filling a 0.386 m3 front-end loader bucket with compost, 

leveling off the bucket, and then transferring the contents into pre-weighed trash containers.  To 

determine the total wet weight of compost that the bucket could hold, the full trash containers 

were weighed (subtracting off the weight of each container) and then the weights added together.  

This process yielded the number of buckets required for each treatment (Table 3.3). 

 
Table 3.3.  Loading rates (tons/acre and Mg/ha), number of loader buckets, and actual wet rate  
  (lbs/plot and kg/plot) of organic matter amendment applied to each treatment in the  
  Charles City Wetland (CCW) experiments.  

Treatment     Dry               Dry 
tons/acre        Mg/ha 

Calculated 
wet rate 
lbs/plot 

Buckets 
per plot 

Actual 
wet rate 
lbs/plot 

Actual 
wet rate 
kg/plot 

1      0                    0 0 0 0 0 
2     25                  56 678 1.5 660 299 
3     50                 112 1356 3 1320 599 
4    100                224 2712 6 2640 1198 
5    150                336 4068 9 3960 1796 

 
  

  After the compost was added and evenly raked across each plot, a tractor mounted roto-

tiller incorporated the organic matter amendment into the soil to a depth of approximately 12.5 

cm.  No other sources of fertilizer were applied to the treatment plots. Treatments four and five 
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were not fully incorporated into mineral soil due to the height and low density of the compost.  

In September 2002, a manually operated roto-tiller was utilized to better incorporate treatments 

four and five into the plots. 

 
3.3.2 Vegetation 
 

Two bottomland hardwood tree species, Betula nigra L. (river birch) and Quercus 

 palustris Muench. (pin oak), were planted in the experimental plots in December of 2002 while 

the trees were dormant.  The seedlings were nursery-grown in 4 x 8 cm containers and were ~15 

cm in height when planted.  The plots received five trees of each species, totaling ten trees per 

plot.  The trees were arranged with 1.2 m centers in order to minimize competition and maximize 

the distance between each tree within a plot.    

  A conical hole in the soil was created for each tree in order to avoid the formation of an 

air pocket below the root base.  After planting, each tree was fertilized with two 21 gram 20-10-5 

(N-P-K) controlled release tablets buried near the tree roots.  Trees that suffered rodent damage 

over the winter were replaced in March and May of 2003.  In order to avoid further vegetative 

damage, a double 12 volt electric fence and a lower rabbit fence (the latter constructed of 

chicken wire) were installed around both experiments in May 2003.   

 
3.3.3 Hydrology 
 

In order to measure the water table levels associated with the experiments, a series  

of 2 m screened water table observation wells were installed in November 2002.  The water table 

wells were placed at the corners of CCW-Dry and CCW-Wet (eight total wells).  The wells 

installed in the northeast corner of each block are Remote Data Systems (RDS) recording 

monitoring wells and were programmed in January of 2003 to read the water table depth every 

three hours.  Replacement of the RDS wells occurred in October 2003 due to consistent battery 

failure of the original wells. 

  Piezometer nests, consisting of three units, were installed in the middle of each 

experiment in July of 2003.  The piezometers were screened at 0.30, 1.80, and 2.75 m.  A 

detailed description of piezometer installation can be found in Despres (2004).  See Appendix D 

for a diagram of the piezometers as installed. 
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3.4  Field Sampling 
 
3.4.1 Soil 

 Prior to installation of the organic matter amendment experiments at CCW, soil samples 

were collected from the areas in which the two experiments would be located.  A composite 

sample of the upper 12.5 cm of soil was collected with a sharpshooter shovel from each plot in 

CCW-Dry and CCW-Wet, totaling 48 samples.  Before analysis, all samples were dried and 

screened through a 2mm sieve.  The samples were analyzed for total C and total N content (C/N) 

via a controllable combustion Elemental Analyzer (Nelson and Sommers, 1996).  It was assumed 

that minimal, if any, carbonates were present in the soil at CCW and, therefore, total C is 

presumed equivalent to organic carbon.  Soil organic matter (SOM) was calculated via the Van 

Bemmelen factor of multiplying 1.724 by percent organic C (Soil Survey Staff, 1996).  Particle 

size analysis was performed by the pipette method (Gee and Bauder, 1986) and soil pH was 

measured using a 1:1 soil:water extract with a pH meter (Thomas, 1996).  Exchangeable Ca, Mg, 

and K were extracted with pH 7 buffered NH4OAc and subsequently analyzed by atomic 

absorption spectrophotometry (USDA-NRCS-NSSC, 1996). Exchangeable Al was extracted with 

KCl and titrated with NaOH while exchangeable H was extracted with BaCl2-TEA and titrated 

with HCl (USDA-NRCS-NSSC, 1996).  The Virginia Tech Extension Soil Testing Laboratory 

received a sub-sample of each composite sample and determined dilute double-acid extractable 

P, K, Ca, Mg, Zn, Mn, Cu, Fe, and B by Inductively Coupled Plasma Spectroscopy (Donohue 

and Heckendorn, 1996).  

   Collection of bulk composite soil samples from the upper 12.5 cm from all experimental 

plots occurred in the winter of 2003 and spring of 2004.  These samples were analyzed for total 

C and total N, pH, and extractable nutrients and metals by the methods previously described.  A 

saturated paste was utilized to determine electrical conductivity on bulk composite samples 

collected in the fall of 2003.  

  Measurement of soil redox potential in experimental plots was accomplished with five Pt 

electrodes inserted into the soil in a circular pattern around a saturated calomel reference 

electrode.  The Pt electrodes were constructed according to the procedures described by Faulkner 

et al. (1989), and inserted at a depth of 12.5 cm based on the average depth of organic matter 

amendment incorporation.  A portable volt meter was used to measure the voltage of each Pt 

electrode.  The soil temperature of each plot was simultaneously measured with a compost 

thermometer inserted to a depth of 12.5 cm.  The corresponding pH was determined by 
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transporting a plug of soil to Virginia Tech and utilizing a pH meter on a 1:1 soil:water extract.  

Field voltages were corrected to standard hydrogen electrode potentials by applying the 

correction factors found in Table 3.4. 

 
Table 3.4.  Correction factors to adjust field voltages to standard redox potentials using a  
  calomel reference electrode (Vepraskas and Faulkner, 2001).  

Temperature (oC) Calomel (mV) 
25 +244 
20 +248 
15 +251 
10 +254 
5 +257 
0 +260 

 
 

  Faulkner et al. (1989) recommend permanent installation of the Pt electrodes throughout 

the study period to ensure adequate calibration. The CCW study was not conducive to this 

method due to the large number of plots (48 total).  Therefore, the Pt electrodes and reference 

electrode were inserted into the soil for a ten minute period before being read with the volt meter.  

After the five electrodes were read, they were removed and inserted into the next plot along with 

the reference electrode.   

  Due to the relatively shallow zone of organic matter incorporation (12.5 cm) at CCW, the 

upper 25-30 cm of soil was the area of primary interest for pedogenic development.  In the fall of 

2003, a “mini-profile” of soil in each plot was thoroughly described in accordance with the 

National Cooperative Soil Survey procedure (Soil Survey Staff, 1994).  The profiles were 

evaluated for texture, matrix color, structure, root abundance, redoximorphic features, and hydric 

soil indicators. A description of each redox feature consisted of type, color, location, and percent 

abundance.  An intact bulk density core was retrieved from the bottom of the soil profile pit 

following procedures described by Blake and Hartage (1986).  Bulk density cores were 

transported to Virginia Tech Soil for analysis. 

  The loose and friable nature of the organic matter amendment did not allow a surface 

bulk density sample to be collected with the standard core/hammer method.  Instead, surface 

bulk density was calculated on a volumetric basis.  For each experimental plot, a given amount 

of soil was excavated to a depth of ~ 12.5 cm and collected into a plastic bag; great care was 

exercised not to lose any portion of the sample.  The excavated void was then lined with plastic, 

filled with water and the volume of water recorded.  The wet weight of the soil samples were 
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recorded immediately upon return to Virginia Tech.  Recording of weight occurred again after 

the soil samples completely dried. 

  A Trace Systemtm model designed by Soilmoisture Equipment Corp. was used to measure 

soil moisture content at CCW.  This model incorporates Time Domain Reflectometry (TDR) to 

instantaneously measure the volumetric water content of soils.  Water content was measured at a 

depth of 15 cm and replicated three times in each plot.  TDR measurements took place in the 

winter and summer of 2003 and again in the spring of 2004. 

 
3.4.2 Vegetation 
 
 The initial height, total number of stems (primary and secondary), and length of stems 

was measured upon planting of each tree in the experiments.  Trees that suffered rodent damage 

were replaced and measurements described above were conducted on the replacement trees.  

After a year had passed, three of the five trees per species per plot were randomly selected to be 

measured; this time for maximum height, number and length of primary stems, and number of 

secondary stems. 

 In the summer of 2003, we conducted a peak above-ground biomass assessment study of 

the experimental plots at CCW.  Two 0.5 m2 PVC quadrants were randomly placed in each plot; 

any and all vegetation lying within the square area was cut at ground level and placed into plastic 

bags.  The biomass was then transported to Virginia Tech where plant species were differentiated 

from one another and partitioned into identifying paper bags.  The plant material was dried in a 

forced air oven at 40 degrees C for approximately 5 days and the total weight of each species, 

minus the weight of the bag, was recorded.  An indicator status of obligate, facultative wet, 

facultative, facultative upland, or upland was assigned to each species according to the criteria 

listed in Table 2.1.   

 The prevalence index (PI) of dominant species was calculated for each plot within CCW-

Dry and CCW-Wet.  Species were deemed dominant by the 50:20 rule which states that 

dominant species are those that a) immediately exceed 50% of the total dominance and b) any 

additional species that individually comprise 20% or more of the total dominance 

(Environmental Laboratory, 1987).  The prevalence index was calculated using the following 

formula: 
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(1Fo) + (2Ffw) + (3Ff) + (4Ffu) + (5Fu) 
                             PI =   

(Fo + Ffw + Ff + Ffu + Fu) 
 

                             where: 
                                     PI = prevalence index 
      Fo = frequency of occurrence of obligate-wetland species 
      Ffw = frequency of occurrence of facultative-wet wetland species 
      Ff = frequency of occurrence of facultative species 
      Ffu = frequency of occurrence of facultative-upland species 
      Fu = frequency of occurrence of upland species 

Based on vegetation alone, wetland status was assigned to plots with a PI less than or equal to 3 

while a plot with a PI greater than 3 did not meet wetland status.  

 
3.4.3 Hydrology 

 
 Monitoring wells and piezometers were read every two weeks during the spring and fall 

seasons and monthly during the summer and winter seasons of 2003. A standard, battery 

operated well reader was used to obtain measurements. RDStm wells were downloaded in 

December of 2003 via a handheld calculator installed with RDS software.   

 
 
3.5  Statistical Analysis 
 
 The PROC GLM and PROC MIXED procedure in the SAS system for Windows, Version 

8 (2001) was used to analyze data sets.  All variables, such as pH, bulk density, Eh, moisture 

content, soil organic matter, C/N, biomass, and tree growth, were measured on a plot by plot 

basis. No block by treatment interactions were noted for the CCW-Wet experiment. Fisher’s 

protected Least Significant Difference (LSD) (Snedecor and Cochran, 1989) was utilized to 

detect and separate treatment effects for normally distributed data sets where means of 

differences were found to be significant.  Tukey’s HSD (Snedecor and Cochran, 1989) contrast 

was also utilized to normalize and run multiple comparisons on treatments when the data was 

non-normal under Shapiro-Wilk’s test for normality (Shapiro and Wilk, 1965). Additionally, 

when data sets were detected non-normal under Shapiro-Wilk’s test for normality and apparent 

outliers were present, the Wilcoxon Rank Sum non-parametric test (Hollander and Wolfe, 1973) 

was utilized to detect differences between treatments.  Likewise, the Wilcoxon Rank Sum test 

was utilized for contrasts between the external and internal control plots as well as contrasts over 
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time (such as the C/N data sets).  Unless otherwise stated, differences were significant where P ≤ 

0.05.  
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4.  RESULTS 
 

4.1 Soil Properties 
 
4.1.1 Redox Potential 
 

The lack of permanently installed platinum electrodes within treatment plots did not 

allow for a continuous assessment of the presence/absence of reducing conditions based on redox 

potential (Eh) measurements (Faulkner et al., 1989).  However, Eh measurements were a valuable 

comparative tool in evaluating differences in soil redox potentials among compost loading rate 

treatments within each experiment.   

Redox potential comparisons between treatments were analyzed by date; this study did 

not attempt to analyze why the overall Eh relationships differed by date.  CCW-Dry and CCW-

Wet exhibited similar trends in Eh between compost treatments, although CCW-Wet provided a 

more pronounced profile than CCW-Dry (Figures 4.1 and 4.2).  Comparisons of treatment 1 and 

2 in CCW-Wet revealed a decrease in Eh with the addition of the lowest yard waste compost 

loading rate (Table 4.1).  This effect is most likely due to increased microbial activity in response 

to the addition of a palatable food source.  Aside from adequate hydrology, a palatable organic 

matter source is the most important factor for reducing conditions to develop in soils (Vepraskas 

and Sprecher, 1997).  While the same effect was noted in CCW-Dry, the differences were 

significant in only 50% of the sampling dates. 

Due to the large amount of organic material added to treatments 4 and 5, the yard waste 

compost was not fully incorporated into the mineral soil surface (See Figure 4.3).  The 

subsequent gain in surface elevation led to an increase in porosity and oxygen diffusion rates 

and, therefore, higher Eh measurements associated with these two treatments would be expected.  

Throughout the sampling period, treatments 4 and 5 were higher in Eh than treatments 2 and 3 

(Table 4.1).  These results indicate yard waste compost loading rates exceeding 112 Mg/ha 

actually decreased the potential for reducing conditions to occur, at least in early years while the 

surface remains elevated.   

Of particular interest across both experiments is the comparison of the external control 

treatment 0 (0 Mg/ha, untilled) with the internal control treatment 1 (0 Mg/ha, tilled).  The 

untilled 0 control yielded higher Eh measurements than treatment 1 in CCW-Dry and CCW-Wet, 

although significant differences only occurred on 50% of the sampling dates (Table 4.2). 

Nevertheless, these findings suggest deep ripping of the soil was an important component in 
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lowering soil redox potential at the site.  The deep ripping procedure served to loosen the 

compacted soil, thereby increasing water infiltration and porosity.  This mechanism also 

incorporated standing biomass into the soil, providing a necessary food source for soil reducing 

microorganisms, presumably leading to greater and more immediate oxygen consumption.  

 
Table 4.1.  Average (n=4) soil redox potentials (mV) for Charles City Dry experiment (CCW- 
 Dry) and Charles City Wet experiment (CCW-Wet) for 2003 and 2004 sampling dates.   
 Data collected at a depth of 12.5 cm. 

Treatment Compost ----------------------------Sampling Dates----------------------- 
  Mg/ha 3/4/2003 5/13/2003 3/7/2004 5/7/2004 
  -------------------------------------mV---------------------------------- 

CCW-Dry-1 0 218a 622d* 557abc* 373b 
CCW-Dry-2 56 197a 594c 552ab 272a 
CCW-Dry-3 112 182a 581c 543a 262a 
CCW-Dry-4 224 366b 527ab 561bc 460bc 
CCW-Dry-5 336 410b 527b 564c 472c 
      
CCW-Wet-1 0 158BC 336B* 281BC 186AB 
CCW-Wet-2 56 119A 242A 239A 163A 
CCW-Wet-3 112 129AB 304AB 256AB 170A 
CCW-Wet-4 224 173C 453C 314C 204B 
CCW-Wet-5 336 236D 489CD 316BC 295C 
Values by date by experiment followed by differing letters are significantly different at p ≤ 0.05 
using Wilcoxon rank sums.  
*Values by date by experiment followed by differing letters are significantly different at p ≤ 0.08 
using Wilcoxon rank sums.  
     

 
 

Table 4.2.  Average (n=4) soil redox potentials (mV) for untilled control treatment 0 and  
treatment 1 in Charles City Dry experiment (CCW-Dry) and Charles City Wet  
experiment (CCW-Wet).  Data collected at a depth of 12.5 cm. 

Treatment Compost -------------Sampling Dates------------- 
  Mg/ha 3/4/2003 5/13/2003 3/7/2004 

  -------------------------mV------------------------ 
CCW-Dry-0 0 untilled 286a 641a 606a 
CCW-Dry-1 0 tilled 219b 622a 557a 
     
CCW-Wet-0 0 untilled 307A 328A 395A 
CCW-Wet-1 0 tilled 158B 336A 280B 
Values by date by experiment followed by differing letters are significantly 
different at p ≤ 0.05 using Wilcoxon rank sums.  
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Figure 4.1.  Average (n=4) soil redox potentials (Eh) in mV as affected by compost loading rate  

in the Charles City Wetland Dry experiment (CCW-Dry) for 2003 and 2004 sampling 
 dates.  Samples taken at a depth of 12.5 cm. 
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Figure 4.2.  Average (n=4) soil redox potentials (Eh) in mV as affected by compost loading rate  

in the Charles City Wetland Wet experiment (CCW-Wet) for 2003 and 2004 sampling 
 dates.  Samples taken at a depth of 12.5 cm. 
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Figure 4.3.  An example of inadequate mixing between organic amendment and mineral   
soil in treatment 5, where tillage occurred to a depth of ~15 cm. 

 
 
4.1.2 Redoximorphic Feature Development  
 

The existence of active redoximorphic features in a created wetland indicates the 

presence of periodic reducing conditions and, hence, the development of hydric soil conditions.  

Due to the construction of many wetland mitigation sites by excavation, it is often difficult to 

determine whether observed redox features represent the current hydrologic regime or are relics 

of a past regime. Vepraskas (1999) describes active redox features such as Fe-masses as 

exhibiting a gradual or diffuse boundary with the soil matrix, whereas relic features often possess 

sharp boundaries with the matrix.  Furthermore, oxidized rhizospheres are generally considered 

active redox features. 

In order to compare the effects of organic matter amendments on redox feature formation 

at CCW it became necessary to determine which redox concentrations were active versus relic.  

Oxidized rhizospheres were automatically considered active features.  Other redox 

concentrations were considered active if they met the following criteria:  1) concentrations were 
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similar in hue, value, and chroma to nearby oxidized rhizospheres, 2) concentrations exhibited 

gradual or diffuse boundaries, and 3) the location of the concentration seemed logical for active 

redox process.  A mass located at a depth of 15 cm with color 7.5YR 4/6 and a diffuse boundary 

is a typical example of a concentration considered active.  In contrast, a mass located 25 cm 

below the surface with color 10YR 7/8 and an abrupt boundary was considered relic. 

The following is a comparative description of the qualitative results determined for soil 

mini-pit features such as color, texture, and structure.  Quantitative results are given for % active 

redox features in the upper 15 cm of soil.  Mini-pits were excavated in each plot in CCW-Dry 

and CCW-Wet. Complete plot profile descriptions are located in Appendices E and F and 

representative soil profiles of each treatment are shown in Figures 4.3, 4.4, 4.6, and 4.7.  

Comparative treatment results were nearly identical for the CCW-Dry and CCW-Wet 

experiments.  Therefore results from both experiments will be simultaneously evaluated to avoid 

superfluous repetition. 

 Treatments 0 and 1 displayed a common post-construction soil profile consisting of an 

Ap horizon overlying a truncated Btg horizon (Figure 4.4).  The Ap horizons typically consisted 

of a loamy gray to grayish brown matrix. Structure was slightly more developed in the Ap 

horizons of treatment 0 than treatment 1. The Btg horizons were generally massive in both 

treatments and consisted of a clay loam texture.  Active redox features were present in the Ap 

horizons in the form of oxidized rhizospheres and masses.  There was no difference in % redox 

features in the upper 15 cm of soil between treatments 0 and 1 (Figure 4.5).  All redox features 

identified in the Btg horizons were determined relic based on the criteria outlined above.   

 Treatment 2 displayed the typical Ap over Btg profile that characterized the previous 

treatments but also began to exhibit signs of pedogenic development with the formation of an 

intermittent BA horizon (Figure 4.6).  This newly formed horizon consisted of a very friable, 

weakly developed, loamy gray matrix ranging from 5 to 12 cm deep. The Ap horizons of 

treatment 2 differed from the equivalent horizons in treatments 0 and 1 while the Btg horizons 

were similar in all three treatments. Treatment 2 Ap horizons were dominantly dark grayish 

brown and moderately granular to subangular blocky.  The upper 15 cm in treatment 2 CCW-Dry 

and CCW-Wet contained 14.3% and 12.9% active redox features, respectively.  

 Treatment 3 profiles were similar to treatment 2 profiles with the following exceptions.  

The Ap horizons of treatment 3 were very dark grayish brown, dominantly granular in structure, 

and mucky modified in texture (Figure 4.7).  Treatment 3 differed from treatment 2 in that the 



 39

BA horizons were present in all plots located in treatment 3 (although the morphological features 

of the horizon remained the same as described above).  Finally, a slight increase in active redox 

features in the upper 15 cm of CCW-Dry and CCW-Wet occurred with the increased compost 

loading rate of 112 Mg/ha to 14.7% and 15.3%, respectively. 

 The highest compost loading rate treatment profiles resembled one another in appearance.  

Both treatments were capped with a thick (~10 cm) Oe horizon composed entirely of the organic 

matter amendment material (Figure 4.3).  These Oe horizons contain a mucky modified texture, 

solely granular structure, and a black matrix.  The dark surficial matrix color made it difficult to 

identify active redox features.  Redox concentrations in the Oa horizons of treatments 4 and 5 

averaged ~3%.  These BA horizons were identified in all but one plot (CCW-Wet, treatment 5, 

plot 11) and followed the previous BA descriptions described in treatments 2 and 3.  The overall 

active redox features present in the upper 15 cm of treatment 4 remained high at 16.1% for 

CCW-Dry whereas the percentage dropped in CCW-Wet to 6.3% (Figure 4.8).  The percentage 

plummeted in treatment 5 to <1% and 1.3% for CCW-Dry and CCW-Wet, respectively, due to 

the strong organic matter color masking effects and other Eh differences discussed earlier.    

The difference in % redox features present in the upper 15 cm of soil as affected by 

compost loading rate can be seen in Figure 4.8.  For both experiments the highest loading rate 

(treatment 5) had the lowest % redox features.  Percent redox features in treatment 5 and 

treatment 1 were not different from one another in CCW-Dry but were lower than % redox 

features in treatments 2, 3, and 4.  In the CCW-Wet experiment, % redox features in treatments 

5, 4, and 1 were lower than % redox features in treatments 2 and 3.  It appears as though redox 

feature formation in the upper 15 cm of soil increases with increased compost addition up until 

~100 Mg/ha.  At least in early years, the addition of more than ~100 Mg/ha of compost 

suppressed the formation of observable redox features in the upper 15 cm of soil.  
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Figure 4.4.  A representative soil profile of control treatments 0 and 1 in the Charles City  
 Wetland Dry experiment. 
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Figure 4.5.  Average (n=4) % redox features in the upper 15 cm of soil for untilled control  
 treatment 0 and tilled control treatment 1 in the Charles City Wetland Dry experiment  
 (CCW-Dry) and the Charles City Wetland Wet experiment (CCW-Wet). Treatment 
 means by experiment followed by different letters are significantly different at p ≤ 0.05 
 using Wilcoxon rank sums. 
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Figure 4.6.  A representative soil profile of treatment 2 in Charles City Wetland Dry experiment.  
 

 
   Figure 4.7.  A representative soil profile of treatment 3 in Charles City Dry experiment. 
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Figure 4.8.  Average (n=4) % redox features in the upper 15 cm of soil as affected by  
 compost loading rate in the Charles City Wetland Dry experiment (CCW-Dry) and the  
 Charles City Wetland Wet experiment (CCW-Wet).  Treatment means by experiment  
 followed by differing letters are significantly different at p ≤ 0.05 using Tukey’s HSD for  
 CCW-Dry and Fisher’s LSD for CCW-Wet. 
 
 
4.1.3 Hydric Soil Indicators 
 

A hydric soil exhibits specific soil morphologies developed via biogeochemical processes 

driven by anaerobic conditions (Hurt et al., 1998).  Hydric soil indicators are based on these 

characteristic morphologies and are predominantly the result of the accumulation or loss of 

organic matter, iron, manganese, or sulfur.  Hydric soil indicators are useful identifiers that allow 

a person to determine the presence (or absence) of hydric soil based on field observations.  A 

complete description of the USDA-NRCS hydric soil indicators of the United States can be 

found in Appendix B. 

 The “Mini-pit” profile descriptions for each plot in CCW-Dry (Appendix E) and CCW-

Wet (Appendix F) were used to determine if a plot met hydric soil indicator status.  Table 4.3 

displays the results of indicators found in the CCW-Dry and CCW-Wet plots.  All plots in both 

experiments met the criteria for the depleted matrix hydric soil indicator (F3).  Although the soils 

at CCW undergo prolonged periods of saturation, the depleted matrix is a relict feature inherited 

from the Chickahominy and/or Newflat subsoil prior to excavation.  Chickahominy and Newflat 
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soils characteristically have a depleted matrix beginning at a depth ~20 cm below the surface 

(NRCS, 2005).  

 However, all treatment 3 plots in CCW-Dry and half of the treatment plots in CCW-Wet 

met the criteria for the redox dark surface indicator (F6).  All treatment 4 and 5 plots within both 

experiments also met the criteria for depleted below dark surface indicator (F4).  Additionally, 

half of the treatment 4 plots in CCW-Dry met loamy mucky mineral (F1) indicator status.  These 

indicators are the result of active biogeochemical processes and identify the development of 

hydric soils within treatments 3, 4, and 5 of both experiments. 

 
Table 4.3.  Hydric soil indicators identified in organic matter loading rate treatment plots within  
 the Charles City Wetland Dry experiment (CCW-Dry) and the Charles City Wetland Wet  

experiment (CCW-Wet). Hydric soil indicator abbreviations follow USDA-NRCS Hydric 
Soil Indicators of the United States (Hurt et al., 1998). 
 

Treatment Compost ---------------Treatment Replications--------------- 
  Mg/ha 1 2 3 4 

  -----------------Hydric Soil Indicator----------------- 
CCW-Dry-1 0 F3 F3 F3 F3 
CCW-Dry-2 56 F3 F3 F3 F3 
CCW-Dry-3 112 F3, F6 F3, F6 F3, F6 F3, F6 
CCW-Dry-4 224 F3, F4 F1, F3, F4 F3, F4 F1, F3, F4 
CCW-Dry-5 336 F3, F4 F3, F4 F3, F4 F3, F4 

      
CCW-Wet-1 0 F3 F3 F3 F3 
CCW-Wet-2 56 F3 F3 F3 F3 
CCW-Wet-3 112 F3, F6 F3, F6 F3 F3 
CCW-Wet-4 224 F3, F4 F3, F4 F3, F4 F3, F4 
CCW-Wet-5 336 F3, F4 F3, F4 F3, F4 F3, F4 

 
 
4.1.4 Bulk Density and Percent Moisture 
 

Percent organic matter and porosity of a soil are generally strongly positively related.  

Porosity directly affects bulk density and soil water holding capacity. As porosity increases, bulk 

density will decrease and water content will increase within a wetland environment.  Bulk 

density and moisture content of soils are strongly inter-related components and, therefore, they 

will be considered together. 

Sub-surface bulk density did not differ between compost loading rates in either the Dry or 

Wet experiments (Table 4.4), indicating that organic matter amendments did not affect sub-

surface bulk densities.  It should be noted here that although the sub-surface bulk density values 

did not differ, the soil mini-pit results discussed in Section 4.1.2 support the hypothesis that as 
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compost loading rates increase, sub-surface bulk density appeared to decrease in the altered BA 

subsoil zone.  This was evident through the development of a loose BA horizon in treatments 3, 

4, and 5.  These newly developed horizons were present directly beneath the Ap or Oa horizons 

for 5 to 12 cm.  Therefore, the sub-surface bulk densities collected at a depth of 25 to 30 cm 

came from the deeper sub-surface Btg horizons and not the BA horizons described earlier. 

Across both experiments, plot preparation ripping alone did not affect the surface bulk 

density.  There were no differences between the untilled control treatment 0 and the tilled control 

treatment 1 in either CCW-Dry or CCW-Wet (Figure 4.9).  However, organic matter loading rate 

affected surface bulk densities in CCW-Dry and CCW-Wet (Table 4.4).  In both experiments 

bulk density decreased as compost loading rate increased, as would be expected.  Results from 

the Dry and Wet experiments display a plateau effect in treatments 4 and 5 with regard to bulk 

density.  No difference occurred in surface bulk density when 224 Mg/ha or 336 Mg/ha was 

added as a soil amendment to the upper 12.5 cm.  Linear regression analysis of the CCW-Dry 

surface bulk density data found an R2 = 0.751 (p ≤ 0.0001) (Appendix G, Figure 1).  The linear 

model in regression analysis yielded an R2 = 0.7959 (p ≤ 0.0001) for CCW-Wet (Appendix G, 

Figure 2).  

CCW-Dry and CCW-Wet produced different results in regard to moisture content, 

therefore the two experiments shall be examined independently.  The pattern displayed over time 

in CCW-Dry revealed an increase in moisture retained with an increase in compost loading rate 

for the first three treatments, followed by a subsequent decrease in moisture for treatment 4 

(Figures 4.10, 4.11, and 4.12).  On two of the three sampling dates, treatment 5 held more water 

than treatment 4.  The other sampling date showed no difference.  A decrease in soil moisture at 

the higher compost loading rates was expected due to an increase in surface elevation, aeration, 

and enhanced gravitational drainage.   

All three sampling dates in CCW-Wet displayed a strong linear relationship between soil 

moisture and compost loading rate (Figure 4.13).  Regression analysis of data from 2-11-03 and 

7-23-03 generated good linear fits with an R2 = 0.8589 (p ≤ 0.0001) and 0.7598 (p ≤ 0.0001), 

respectively (Figure 4.13). Sampling date 5-8-04 produced a poor linear fit with an R2 = 0.5412 

(p ≤ 0.0002). However, the higher compost loading rates did not appear to suppress soil moisture 

due to increased in surface elevation.  This is most likely the result of more frequent ponded 

water levels in CCW-Wet being high enough to enable near saturation of the surface.   
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Table 4.4.  Average (n=4) sub-surface and surface bulk density (g/cm3) as affected by compost  

loading rate for Charles City Wetland Dry experiment (CCW-Dry) and Charles City  
Wetland Wet experiment (CCW-Wet). BD = Bulk density.  
 

Treatment Compost Sub-surface BD Surface BD 
  Mg/ha g/cm3 g/cm3 

CCW-Dry-1 0 1.57a 1.49a 
CCW-Dry-2 56 1.55a 1.03b 
CCW-Dry-3 112 1.57a 0.87b 
CCW-Dry-4 224 1.50a 0.55c 
CCW-Dry-5 336 1.51a 0.52c 
    
CCW-Wet-1 0 1.55A 1.32A 
CCW-Wet-2 56 1.49A 1.14B 
CCW-Wet-3 112 1.58A 0.91C 
CCW-Wet-4 224 1.54A 0.57D 
CCW-Wet-5 336 1.52A 0.54D 

                             Values by sample by experiment followed by differing letters are significantly  
                                      different at p ≤ 0.05 using Tukey’s HSD. 
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Figure 4.9.  Average (n=4) surface bulk density (g/cm3) for untilled control treatment 0 and 
 tilled control treatment 1 in Charles City Wetland Dry experiment (CCW-Dry) and  
 Charles City Wetland Wet experiment (CCW-Wet).    Treatment means by experiment  
 followed by different letters are significantly different at p ≤ 0.05 using Wilcoxon rank 
 sums. 
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Figure 4.10.  Average (n=4) % soil moisture as affected by compost loading rate in Charles City  
 Wetland Dry experiment (CCW-Dry) and Charles City Wetland Wet experiment (CCW- 
 Wet) on 11 Feb. 2003. Data collected at a depth of 15 cm.  Treatment means followed  
 by different letters are significantly different using Wilcoxon rank sums. 
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Figure 4.11.  Average (n=4) soil moisture as affected by compost loading rate in Charles City  
 Wetland Dry experiment (CCW-Dry) and Charles City Wetland Wet experiment (CCW- 
 Wet)  on 23 July 2003. Data collected at a depth of 15 cm.  Treatment means  
 followed by different letters are significantly different at p < 0.05 using Wilcoxon rank  
 sums.  
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Figure 4.12.  Average (n=4) soil moisture as affected by compost loading rate in Charles City  
 Wetland Dry experiment (CCW-Dry) and Charles City Wetland Wet experiment (CCW- 
 Wet) on 8 May 2004. Data collected at a depth of 15 cm.  Treatment means   
 followed by different letters are significantly different at p < 0.06 using Wilcoxon rank  
 sums. 
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Figure 4.13  Linear regression analysis of soil moisture content as affected by compost rate in  

Charles City Wetland Wet experiment (CCW-Wet).  
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4.1.5 Soil Organic Matter and C/N Ratio 
 

As discussed in Chapter 2, soil organic matter (SOM) is a vital component in establishing 

wetland functions and increasing the overall health of these ecosystems.  SOM accumulates in a 

soil when either the production of organic material is high or decomposition rates decrease 

(Collins and Kuehl, 2001).  Sources of SOM include relatively coarse plant material and 

colloidal and soluble organic compounds (Collins and Kuehl, 2001).  These varying inputs decay 

at rates dependent upon the initial quality of litter and environmental factors including 

temperature, soil saturation and aeration, and abundance of microbial populations. 

Decomposition of high C organic amendments can also be observed by monitoring the 

C/N ratio of the soil over time.  Generally, as an organic material decomposes C and N are 

transformed via the processes of oxidation and mineralization.  As the decomposition process 

advances over time, the C/N ratio of added plant debris generally decreases.  When added to a N-

limited system, organic matter composed of a low C/N ratio (< 30:1) is much more palatable to 

organisms and, hence, more readily decomposed than a higher C/N ratio material.  This study 

utilized moderately decomposed yard waste compost with an average C/N ratio of 44:1 (Table 

3.1).  We chose a product with a relatively high C/N ratio to 1) better mimic natural additions, 

and 2) to ensure excessive amounts of mineral N would not be released into the system with the 

application of high loading rates. 

Similar results were observed for SOM (g/kg) in the CCW-Dry and CCW-Wet 

experiments and shall accordingly be reviewed together.  Initial SOM levels were measured on 

7-10-02 within all plots of both experiments and found to be homogeneous.  After application 

and incorporation of the compost loading rates, a general trend occurred over sampling dates 

(Table 4.5) with the first three treatments slightly increased in SOM content over the two-year 

sampling period.  Treatments 4 and 5 exhibited a steady increase in SOM over the first year after 

installation of the experiment and then proceeded to decrease over the following year.  The rise 

in SOM in treatments 4 and 5 over time is most likely due to a reduction in volume caused by the 

settling and faunal mixing of the organic amendment, leading to an increased SOM concentration 

in the sampled volume.  

The eventual decrease in SOM evident in treatments 4 and 5 is not surprising given the 

fact that there was little organic matter amendment/mineral soil contact present in these two 

treatments.  This lack of mixing resulted in a situation where the organic C was not stabilized by 
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contact with mineral soil and thereby vulnerable to rapid oxidation over more extended periods 

of time. 

As expected, an increase in SOM occurred with compost loading rate except between 

treatments 1 and 2 (Table 4.5). This held true for both the CCW-Dry and CCW-Wet 

experiments.  Regression analysis of the data by sampling dates yielded good linear fits for both 

experiments.  CCW-Dry linear regression for sampling dates 9 January 2003, 9 September 2003, 

and 18 October 2004 produced R2 = 0.9609 (p ≤ 0.0001), 0.9068 (p ≤ 0.0001), and 0.737 (p ≤ 

0.0001), respectively (Figure 4.14).  Evaluating CCW-Wet with linear regression for the same 

sampling dates listed above yielded R2 = 0.8425 (p ≤ 0.0001), 0.9214 (p ≤ 0.0001), and 0.7961 (p 

≤ 0.0001) (Figure 4.15).  

 The change in C/N ratio over time for each treatment in CCW-Dry and CCW-Wet was 

evaluated for a 2-year sampling period and results are presented in Table 4.6.  In CCW-Dry and 

CCW-Wet, an increase in C/N occurred over time in the lower 3 treatments.  In treatments 4 and 

5, the C/N ratio increased the first year after experiment installation and then decreased the 

following year.  

 
Table 4.5.  Average (n=4) soil organic matter (SOM) content (g/kg) as affected by compost  
 loading rate for Charles City Wetland Dry experiment  (CCW-Dry) and Charles City  
 Wetland Wet experiment (CCW-Wet).  
  

Treatment Compost 7/10/2002 1/9/2003 9/9/2003 10/18/2004 
  Mg/ha         
  ------------------------ SOM (g/kg)----------------------- 

CCW-Dry-1 0 36a 37a 42a* 45a 
CCW-Dry-2 56 36a 66b 71ab 63a 
CCW-Dry-3 112 36a 112c 115b 127b 
CCW-Dry-4 224 44a 180d 258c 188c 
CCW-Dry-5 336 43a 233e 331d 234c 

      
CCW-Wet-1 0 29A 31A 31A 36A 
CCW-Wet-2 56 26A 72A 64A 102AB 
CCW-Wet-3 112 25A 123B 136B 139B 
CCW-Wet-4 224 24A 223C 298C 239C 
CCW-Wet-5 336 30A 248C 407D 339D 

         Values by date by experiment followed by differing letters are significantly different at p ≤ 0.05 using  
                           Fisher’s LSD.  
                  *Values by date by experiment followed by differing letters are significantly different at p ≤ 0.09 using  
                           Fisher’s LSD. 
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Figure 4.14.  Linear regression analysis of SOM (g/kg) as affected by compost rate in Charles  
 City Wetland Dry experiment (CCW-Dry) for a 2-year sampling period. 
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Figure 4.15.  Linear regression analysis of SOM (g/kg) as affected by compost rate in Charles  
 City Wetland Wet experiment (CCW-Wet) for a 2-year sampling period.  
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Table 4.6.  Change in C/N ratio over time within treatment plots in Charles City Wetland  
 Dry experiment (CCW-Dry) and Charles City Wetland Wet experiment 

(CCW-Wet) for a 2-year sampling period. 
 

Date Compost Loading Rate (Mg/ha) 
  0 56 112 224 336 
 --------------------------------CCW-Dry--------------------------------- 

7/10/02 16.0a 17.0a 16.7a 18.4a 17.7a 
1/09/03 17.9a 19.2a 21.0ab 21.4ab 21.3ab 
9/09/03 18.3a 20.5a 21.8b 24.5b 25.4b 

10/18/04 23.0b 22.0b 22.8b 20.4ab 21.8ab 
 --------------------------------CCW-Wet-------------------------------- 

7/10/02 16.5A 15.9A 15.4A 15.3A 18.5A 
1/09/03 17.7A 20.8B 21.4B 22.2B 21.3AB 
9/09/03 15.0A 20.5B 23.1B 26.3C 29.9C 

10/18/04 17.5A 20.9B 21.4B 23.6BC 24.9B 
                              Values by treatment by experiment followed by differing letters are significantly  
                              different at p ≤ 0.05 using Tukey’s HSD. 
 
  
4.1.6  Soil Chemical Properties 
 

Organic matter is a major source of essential plant macro- and micro-nutrients in soil 

systems. Soil organic matter contributes and retains many nutrients and trace elements such as 

Ca, Mg, K, Mn, Fe, Cu, N, P, and S through the combined processes of cation exchange and 

mineralization (McBride, 1994).  Furthermore, some trace elements such as Al, Fe, and Cu are 

held very tightly by organic matter within complex organic colloids.  

Before application, the pH of the compost amendment averaged 6.62 (Table 3.1).  Also 

before application, the upper 12.5 cm of soil in CCW-Dry had an average pH of 6.35 and CCW-

Wet had an average pH of 6.01 (Table 4.7). There were no differences between treatments in 

regard to pH for either CCW-Dry or CCW-Wet throughout the 2-year sampling period (Table 

4.7). 

At the onset of this study, samples were collected and analyzed from each plot in both 

experiments to determine any pre-existing differences among plots.  For both the CCW-Dry and 

CCW-Wet experiments, no differences in chemical properties were found (Tables 4.8 and 4.9).  

In both CCW-Dry and CCW-Wet, soil samples collected six months after the addition of 

compost into the plots revealed a dramatic increase or decrease (depending on the element) in 

elemental concentrations associated with loading rates (Tables 4.8 and 4.9). The major 

macronutrients, P, K, Ca, Mg, and Mn increased with an increase in compost while Cu, Fe, and 

B decreased.  Samples collected in 2004 did not indicate any important increase or decrease in 
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concentration of elements from the previous year, implying the stabilization of elements released 

from the compost material.   

 

Table 4.7.  Average (n=4) pH as affected by compost loading rate in Charles City Wetland Dry  
 experiment (CCW-Dry) and Charles City Wetland Wet experiment   (CCW-Wet). 

Treatment Compost 7/10/02 1/09/03 3/04/03 5/13/03 9/09/03 3/08/04 5/07/04 10/18/04 
  Mg/ha                 
  --------------------------------------------------pH---------------------------------------------- 

CCW-Dry-1 0 6.45a 6.68a 5.50a 5.86a 6.70a 6.32a 6.77a 6.63a 
CCW-Dry-2 56 6.34a 6.73a 6.63a 5.96ab 6.81a 6.55a 6.84a 6.36a 
CCW-Dry-3 112 6.11a 6.69a 6.78a 6.48bc 6.63a 6.64a 6.41b 6.45a 
CCW-Dry-4 224 6.42a 6.86a 6.83a 6.70c 6.63a 6.65a 6.83a 6.47a 
CCW-Dry-5 336 6.43a 6.85a 6.73a 6.65c 6.71a 6.60a 6.67a 6.40a 
          
CCW-Wet-1 0 6.14A 6.61A 6.65A 6.26A 6.34A 6.30A 6.34A 6.10A 
CCW-Wet-2 56 5.80A 6.59A 6.38A 6.50A 6.26A 6.21A 6.03A 6.10A 
CCW-Wet-3 112 5.98A 6.55A 6.58A 6.29A 6.53A 6.35A 6.20A 6.15A 
CCW-Wet-4 224 6.06A 6.65A 6.78A 6.56A 6.58A 6.21A 6.16A 6.27A 
CCW-Wet-5 336 6.07A 6.76A 6.73A 6.65A 6.46A 6.59A 6.61A 6.47A 

Values by date by experiment followed by differing letters are significantly different at p ≤ 0.05 using either Fisher’s LSD or 
Tukey’s HSD. 
 
 
Table 4.8.  Average (n=4) chemical properties as affected by compost loading rate in the Charles  
 City Wetland Dry experiment (CCW-Dry) over a 2-year period. 

Treatment Compost P K Ca Mg Zn Mn Cu Fe B 
  Mg/ha  
  -------------------------------------------mg/kg--------------------------------------------- 
  10 July 2002 

CCW-Dry-1 0 4a 72a 1018a 337a 1.3a 66a 0.7a 48a 0.4a 
CCW-Dry-2 56 4a 70a 966a 352a 1.1a 53a 0.9b 50a 0.4a 
CCW-Dry-3 112 3a 68a 983a 331a 1.1a 57a 0.6a 44a 0.5a 
CCW-Dry-4 224 4a 85a 1059a 358a 1.2a 65a 0.7a 45a 0.4a 
CCW-Dry-5 336 5a 84a 1101a 371a 1.2a 60a 0.7a 38a 0.4a 

  9 January 2003 
CCW-Dry-1 0 5a 64a 991a 302a* 1.3a 109b* 0.3b 80c 0.4a 
CCW-Dry-2 56 11b 137b 1505b 371b 4.1b 108b 0.3b 71c 0.8b 
CCW-Dry-3 112 22c 211c 2124c 423bc 8.0c 121b 0.1a 45b 1.2c 
CCW-Dry-4 224 43d 329d 2774d 506d 12.6d 79a 0.1a 19a 1.4d 
CCW-Dry-5 336 45d 407e 2826d 474cd 13.7e 68a 0.1a 20a 1.5d 

  8 March 2004 
CCW-Dry-1 0 4a 65a 964a 306a* 1.2a 101b* 0.2a 85c 0.4a* 
CCW-Dry-2 56 10b 140b 1456b 372b 3.9b 101b 0.4a 76c 0.8b 
CCW-Dry-3 112 20c 218c 2049c 422b 7.7c 113b 0.3a 47b 1.1c 
CCW-Dry-4 224 42d 337d 2730d 506c 12.2d 73a 0.1a 20a 1.4d 

CCW-Dry-5 336 43d 433e 2814d 491c 13.4e 66a 0.1a 19a 1.5e 
Values by element by date followed by differing letters are significantly different at p ≤ 0.05 using either 
Fisher’s LSD or Tukey’s HSD. 
*Values by element by date followed by differing letters are significantly different at p ≤ 0.09 using either       
Fisher’s LSD or Tukey’s HSD. 
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Table 4.9.  Average (n=4) chemical properties as affected by compost loading rate in the Charles  
 City Wetland Wet experiment (CCW-Wet) over a 2-year period. 

Treatment Compost P K Ca Mg Zn Mn Cu Fe B 
  Mg/ha  
  -------------------------------------------mg/kg--------------------------------------------- 
  10 July 2002 

CCW-Wet-1 0 2a 56a 808a 332a 0.8a 58a 0.8a 47a 0.4a 
CCW-Wet-2 56 2a 44a 710a 293a 1.0a 56a 0.9a 44a 0.3a 
CCW-Wet-3 112 2a 47a 726a 284a 1.0a 57a 0.8a 41a 0.3a 
CCW-Wet-4 224 2a 50a 790a 342a 0.9a 48a 0.8a 40a 0.3a 
CCW-Wet-5 336 3a 53a 845a 350a 1.1a 61a 0.9a 45a 0.3a 

  9 January 2003 
CCW-Wet-1 0 4a* 58a 897a 322a 1.4a 123ab 0.5b 93c 0.4a 
CCW-Wet-2 56 11ab 132ab 1457b 348a 4.7b 136b 0.3a 88c 0.8b 
CCW-Wet-3 112 21b 210b 1982c 385ab 8.7c 129ab 0.2a 59b 1.0b 
CCW-Wet-4 224 35c 347c 2757d 445b 14.3d 100ab 0.1a 29a 1.5c 
CCW-Wet-5 336 44c 452d 2917d 450b 16.2d 90a 0.1a 21a 1.5c 

  8 March 2004 
CCW-Wet-1 0 3a* 61a 904a 340a 1.6a 119b 0.7b 112c 0.4a* 
CCW-Wet-2 56 11b 140b 1458b 359a 4.8b 131b 0.4a 102c 0.8b 
CCW-Wet-3 112 22c 218c 2000c 394a 8.9c 124b 0.3a 66b 1.0c 
CCW-Wet-4 224 36d 386d 2957d 486b 15.1d 101ab 0.1a 30a 1.6d 
CCW-Wet-5 336 45e 484e 3032d 481b 16.6d 69a 0.1a 43ab 1.6d 
  Values by element by date followed by differing letters are significantly different at p ≤ 0.05 using either  
  Fisher’s LSD or Tukey’s HSD. 
*Values by element by date followed by differing letters are significantly different at p ≤ 0.09 using either       
  Fisher’s LSD or Tukey’s HSD. 

 

4.2 Vegetation Response to Organic Matter Amendment 
 
4.2.1 Total Above-ground Biomass and Prevalence Index of Dominant Species 
 

Total above-ground plant biomass is a measure of overall soil and environmental effects 

on plant growth.  Nutrient deficiency caused by a lack of SOM can result in reduced biomass 

yield which, in turn, leads to a reduction in SOM accumulation in wetlands, translating to a loss 

of wetland function over time.  The addition of an organic matter amendment into created 

wetland soils may accelerate the development of wetland functions by way of establishing a 

foundation of soil properties similar to that found in natural wetlands.   

 Balcombe et al. (2005) and DeBerry and Perry (2004) found different dominant species 

in created wetlands versus natural wetlands.  Similarly, Campbell et al. (2002) found a greater 

amount of upland species in created wetlands than natural wetlands.  These discrepancies were 

attributed to soil differences and a lack of ecological maturity.  Therefore, our underlying 

assumption in this study was that the addition of organic matter into created wetlands would 

recreate a soil substrate more closely resembling a natural wetland, thereby encouraging the 

establishment of vegetation indicative of natural wetlands. 
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 Above-ground biomass was harvested in July of 2003 in order to capture the peak 

biomass weight per plot.  Peak above-ground plant biomass yielded different results in CCW-

Dry and CCW-Wet experiments.  As seen in Figure 4.16, biomass in CCW-Dry increased within 

the first three treatments (although not significantly) and then remained constant thereafter.  An 

increase in biomass was also noted as loading rates increased in CCW-Wet, although treatment 

differences only occurred among the first three treatments and between the two highest 

treatments (Figure 4.16).  Even though the differences between treatment 1 and treatment 3 in 

CCW-Dry and CCW-Wet were not significant, visual differences, as shown in Figures 4.17 and 

4.18, at the time of harvest were substantial. 

 No differences occurred between any treatments with regard to prevalence index (PI) of 

dominant species for CCW-Dry or CCW-Wet (Table 4.10).  However, a general trend was seen 

in each experiment.  In CCW-Dry, all treatments, with the exception of treatment 3, have a PI 

greater than or equal to 3, indicating the lack of wetland status based on vegetation.  The PI was 

less than 3 for all treatments in CCW-Wet, thereby indicating that all treatment plots meet 

wetland status.  
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Figure 4.16.  Average (n=4) plant above-ground biomass weight (g/m2) as affected by compost 
 loading rate for Charles City Wetland Dry experiment (CCW-Dry) and Charles City 
 Wetland Wet experiment  (CCW-Wet).  Treatment means by experiment followed  
 by different letters indicate significant differences using Tukey’s HSD for CCW-Dry and 
 Fisher’s LSD for CCW-Wet. 
 



 55

 

 
 

Figure 4.17.  Treatment 1 standing plant biomass located in Charles City Wetland Dry  
 Experiment (CCW-Dry).  Photograph taken on 7/23/03.  

 

 

 
 

Figure 4.18.  Treatment 3 standing plant biomass located in Charles City Wetland Dry  
 experiment (CCW-Dry).  Photograph taken on 7/23/03. 
 
 
 
 
 
 
 



 56

Table 4.10.  Average (n=4) Prevalence Index (PI) as affected by compost loading rate for  
 Charles City Wetland Dry experiment (CCW-Dry) and Charles City Wetland Wet  
 experiment (CCW-Wet).   
 

Treatment Mg/ha Average PI of 
  Compost Dominant Species 

CCW-Dry-1 0 3.13 
CCW-Dry-2 56 3.29 
CCW-Dry-3 112 2.42 
CCW-Dry-4 224 3.42 
CCW-Dry-5 336 2.88 
   
CCW-Wet-1 0 1.75 
CCW-Wet-2 56 1.79 
CCW-Wet-3 112 2.00 
CCW-Wet-4 224 2.25 
CCW-Wet-5 336 2.00 

 
 
 
4.2.2 Tree Growth 
 

 Creation of forested wetlands usually attempts to establish wetland vegetation in an area 

where similar hydrophytic species did not exist.  In order for this task to be successful, Clewell 

and Lea (1990) recommend that six critical factors be met: 1) replication of the annual 

hydroperiod associated with the type of wetland being replaced, 2) control of erosion and 

sediment deposition, 3) provision of an adequate volume of soil for tree rooting that is not 

compacted and contains an appropriate amount of organic matter, 4) utilization of fertilizers and 

adjust pH as necessary, 5) control noxious weeds in order to prevent competition, and 6) control 

herbivory. 

 Wetlands constructed by the excavation into subsoil horizons are often lacking in rooting 

volume, fertility, structure, and organic matter (Daniels and Whittecar, 2004).  In these 

circumstances soil amendment and conditioning is recommended in the form of tillage and 

incorporation of organic matter into the surficial mineral soil to improve the survivorship of 

transplants (Stauffer and Brooks, 1997). 

 The growth in height and number of stems was evaluated one year after transplanting 

Betula nigra L. (river birch) and Quercus palustris Muench. (pin oak) into the CCW-Dry and 

CCW-Wet plots.  An overall increase in birch and oak height growth was detected in CCW-Dry 

and CCW-Wet (Figure 4.19 and 4.20).  Tree height increased with loading rate through treatment 

4 (Figure 4.19 and 4.20).  The tree height growth decline in treatment 5 was more evident in the 
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pin oaks than in the river birch.  This may be due to the shallow root system of young pin oak 

trees coupled with the lack of mineral soil/root contact.  Another possible explanation is that pin 

oaks generally grow at a slower rate than river birch; treatment 5 characteristically had vigorous 

herbaceous cover growth, therefore this may be a competition response  As shown in Figure 

4.21, evaluating CCW-Dry and CCW-Wet with linear regression for birch height growth yielded 

an R2=0.3552 (p=0.007) and R2=0.4267 (p=0.002). 

 The increase in river birch primary and secondary stem number over the period of a year 

was similar for the CCW-Dry and CCW-Wet experiments.  No differences existed between 

treatments 1, 2, and 3 or between treatments 4 and 5 (Figure 4.22).  However, differences were 

noted among the three lowest treatments and the highest two treatments.  There were no 

differences between treatments in either CCW-Dry or CCW-Wet for oak stem growth, although 

a general trend of increased stem growth associated with increased loading rate was evident in 

the first four treatments (Figure 4.23).   

 

bb

b
b

a

B
B

B

A

A

0

10

20

30

40

50

60

0 56 112 224 336

Compost Loading Rate (Mg/ha)

G
ro

w
th

 (c
m

)

CCW-Dry, p<0.07

CCW-Wet, p<0.05

 
Figure 4.19.  Average (n=4) Betula nigra L. (river birch) height growth (cm) as affected by  
 compost loading rate in Charles City Wetland Dry experiment (CCW-Dry) and Charles  
 City Wetland Wet experiment (CCW-Wet).  Treatment means by experiment followed 
 by different letters are significantly different using Wilcoxon rank sums.  
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Figure 4.20.  Average (n=4) Quercus palustris Muench. (pin oak) height growth (cm) as  
 affected by compost loading rate in Charles City Wetland Dry experiment (CCW-Dry)  
 and Charles City Wetland Wet experiment (CCW-Wet).  Treatment means by  
 experiment  followed by different letters are significantly different using Wilcoxon rank  
 sums (p≤0.05).  
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Figure 4.21.  Linear regression analysis of Betula nigra L. height growth (cm) as affected by  
 compost loading rate in Charles City Wetland Dry experiment (CCW-Dry) and Charles  
 City Wetland Wet experiment (CCW-Wet).   
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Figure 4.22.  Average (n=4) Betula nigra L. stem number as affected by compost  
 loading rate in Charles City Wetland Dry experiment (CCW-Dry) and Charles  
 City Wetland Wet experiment (CCW-Wet).  Treatment means by experiment  
 followed by different letters are significantly different using Fisher’s LSD.  
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Figure 4.23.  Average (n=4) Quercus palustris Muench. (pin oak) stem number as  
 affected by compost loading rate in Charles City Wetland Dry experiment (CCW-Dry)   
 and Charles City Wetland Wet experiment (CCW-Wet).  Treatment means  
 by experiment followed by different letters are significantly different using  
 Fisher’s LSD (p≤0.05). 
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5.  DISCUSSION 
 
5.1 Organic matter amendment effects on soil properties  
 

The results obtained from both experiments at CCW support the hypothesis that organic 

matter amendments have a positive affect on the development of soils and appropriate properties 

in non-tidal mitigation wetlands.  This is to be expected as the beneficial effects of OM on soil 

physical, chemical, and biological properties are well documented.  Organic matter is of special 

importance in wetland environments as it sustains the microbial populations which are the 

driving force behind the biogeochemical reduction of Fe and Mn in soils (Vepraskas and 

Sprecher, 1997).  Furthermore, this chemical reduction of elements leads to formation of the 

characteristic redoximorphic features that help identify hydric soils in wetland landscapes. 

The addition and adequate incorporation of organic matter into the soil surface (~15 cm) 

increased soil aggregation in my study, thereby increasing porosity and water holding capacity.  

The higher water content leads to depletion of soil oxygen, forcing the microbial community to 

utilize alternative electron acceptors.  This process results in lowered redox potential 

measurements.  This sequence of events occurred in the first three treatments of the CCW-Dry 

and CCW-Wet experiments.  Moisture content increased and Eh decreased as the organic matter 

loading rate increased to 112 Mg/ha.  Beyond the 112 Mg/ha loading rate, there was an actual 

increase in Eh, indicating that reducing conditions were not as prevalent as in the lower three 

loading rates.  This phenomenon was due to the inadequate incorporation of the organic 

amendment at higher loading rates, resulting in a raised surface elevation and enhanced 

soil:atmospheric gas exchange.   

An increase in Eh would be expected to coincide with a reduction in the number of active 

redox features.  This, again, would be caused by the increase in elevation associated with higher 

loading rates.  CCW-Wet followed this trend with a decrease in % redox features when loading 

rates exceeded 112 Mg/ha.  However, CCW-Dry showed an increase in redox features up to the 

224 Mg/ha loading rate and then a subsequent decrease at 336 Mg/ha.  This was likely due to the 

difference in hydrology between the two experiments.  My results corroborate several other 

studies with respect to rapid development of soil redox features in mitigation site soils. In a 

buried simulated ped experiment where measured field Eh was below 200 mV (a level conducive 

to Fe reduction at the given pH), Stolt et al. (1998) found all peds to have developed redox 
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features in less than 2 years.  Similarly, Vepraskas et al. (1999) and Cummings (1999) reported 

redox feature development in created wetlands within 5 years of construction completion. 

Perhaps of even greater interest than the development of redox features in various 

treatment plots is the differential morphology of soil profiles as affected by compost loading 

rates. Control treatments 0 and 1 were characterized by the typical Ap over Btg profile 

commonly found in mitigation sites created by excavation.  In treatment 2, however, a BA 

horizon emerged in 40% of the plots that was distinctly different than the horizon above or 

below.  This newly developed horizon was friable in nature, weakly developed, and sub-angular 

blocky to granular in structure.  Additionally, the BA horizon also differed in chroma from the 

horizons located above or below.  The lack of development of this horizon in the two control 

treatments and the fact that we began to see it in treatment 2, and in 100% of treatment 3 plots, 

indicates it is a product of the organic matter addition.  The BA horizon was most likely formed 

by the leaching of mobile organic compounds from the organic matter additions into lower soil 

depths.  Although this horizon was not sampled for bulk density due to its occurrence outside of 

our standard density sampling regime, based on field observations I am confident it possessed a 

lower bulk density than the underlying Btg horizon.  

Root limiting bulk density is a common problem in mitigation wetlands constructed by 

deep excavation (Daniels and Whittecar, 2004).  High bulk density is not only problematic for 

plant establishment and growth but also directly effects redox processes which are dependent on 

active rhizosphere process, and density also indirectly effects microbial populations and organic 

matter accumulation.  Severely compacted soils may also result in episaturated perching designs. 

These systems are not hydrologically connected to the groundwater and, therefore, when coupled 

with a high clay substrate are prone to excessively dry summer conditions (Whittecar and 

Daniels, 1999).  

The increased aggregation and porosity associated with organic matter amendments 

directly affected surface bulk density in my study.  Bulk density decreased as compost loading 

rate increased up to treatment 4 (224 Mg/ha), at which point, a bulk density plateau was reached.  

This indicates that, in terms of modifying and controlling soil bulk density, there was no added 

benefit in increasing the compost loading rate above 224 Mg/ha.    

Similar results were found by Bishel-Machung et al. (1996) and Cummings (1999) in 

regard to the relationship between bulk density and organic matter content in two different field 

observational studies.  Bishel-Machung et al. (1996) compared 20 natural wetlands with 44 
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created wetlands in Pennsylvania and found the natural wetlands to contain 11% to 20% more 

soil organic matter than created wetlands at a depth of 5 cm.  Likewise, in the same study the 

authors reported a higher bulk density in created wetlands compared with natural wetlands.  

Cummings (1999) found mitigation wetlands in Virginia to be significantly lower in C and N and 

much higher in bulk density than adjacent natural wetlands. 

SOM accumulation in wetlands is a function of biomass production and environmental 

conditions (Craft, 2001).  Cole et al. (2001) examined seven created wetlands for a relationship 

between plant biomass production and soil organic matter content as related to wetland function.  

The created wetlands contained significantly lower soil organic matter levels (2-6%) than 

comparable natural wetlands (12-21%) even though optimal conditions existed for soil organic 

matter accumulation.  These findings translate to a loss of wetland function within the created 

wetlands.  Similar results were reported by Bishel-Machung et al. (1996) who documented the 

lack of SOM accumulation over time in created wetlands.   

A possible explanation for the lack of SOM accumulation in created wetlands under ideal 

conditions is that these “new” ecosystems are still developing decomposition functions.  

Atkinson and Cairns (2001) reported a higher decomposition rate in 20 year-old created wetlands 

than in natural wetlands, which translated to less SOM accumulation in the former.  My results 

indicate that it may be feasible to overcome this time-dependent obstacle by “jump-starting” 

decomposition functions and SOM accumulations in created wetlands via the addition of organic 

matter amendments.  When adequate amounts of organic amendments are incorporated into the 

created soil surface, the wetland is no longer starting from time zero in terms of SOM 

accumulation and decomposition, but rather the system more closely resembles the organic 

matter content of a natural wetland.  This explanation is supported by the SOM content results in 

the CCW experiments where as expected, an increase in compost loading rate coincided with an 

increase in SOM. 

For all treatments, we also observed a trend of slightly increased SOM content over time 

after the addition of the organic amendment.  This was most likely due to 1) the incorporation of 

standing biomass into the soil surface, and/or 2) increased biomass production due to the 

incorporation of a nutrient rich organic matter amendment.  Interestingly, treatments 4 and 5 

produced another peak in SOM content after the incorporation of the organic amendment.  This 

added increase in measured SOM was due to the settling or oxidation of the organic material 

over time, thereby decreasing the volume in which the amendment is contained and 
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correspondingly increasing apparent OM.  The settling or oxidation effect seen in treatments 4 

and 5 confirms previous assumptions that higher loading rates increased surface elevation.   

 

5.2 Organic matter amendment effects on vegetation 
 

The addition of compost into treatment plots also introduced essential nutrients, such as 

P, K, Ca, Mg, and Zn, necessary for the growth and survival of plant species.  The nutrients 

listed above increased (in extractable form) with an increase in compost loading rate. 

Conversely, extractable Mn, Cu, and Fe decreased with an increase in loading rate due to the 

affinity of organic molecules for these particular elements, or possibly mobilization and 

solubility of reduced Fe and Mn forms.  

It was expected that total above-ground biomass production would substantially increase 

with compost loading rate due to 1) an increase in plant available nutrients, 2) a decrease in 

surface bulk density, and 3) an increase in soil water content that would alleviate the extremely 

dry soil conditions that are typical of summer months at CCW.  However, in general, total 

above-ground biomass results were not significantly different among treatments.  Although 

statistical analyses suggest biomass remains relatively constant across treatments, my visual 

observations of differences among treatments indicate otherwise.  For instance, at the time of 

sampling I recorded that CCW-Dry treatment 1 contained standing live biomass that was ~40 cm 

tall while the biomass associated with CCW-Dry treatment 5 was much taller (~120 cm) and 

robust.  This discrepancy between statistical results and visual observations is most likely due to 

two factors.  First, in the higher compost loading rate treatments there was a dominance of taller 

vegetation, which subsequently inhibited the growth of underlying vegetation due to increased 

shading.  Secondly, the sample size (two 0.5 m2 quadrants) probably inadequately represented 

the biomass of the higher compost loading rate treatments, leading to higher variance which 

complicated mean separations. 

The trend in prevalence index (PI) of dominant species for treatments in CCW-Wet 

indicated an increasing PI with increasing loading rate, suggesting that there were more wetland 

species in the lower loading rate plots than the higher rates.  It should be noted here that the 

organic amendment was tested for the presence of viable seeds, of which none were found.  

Therefore, the increased PI in the high rate treatments was a result of the addition of surface 

elevation associated with loading rates exceeding 112 Mg/ha.   
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Growth of the two planted hardwood tree species correlated positively with increasing 

compost loading rate up through treatment 4, after which tree growth either remained equal or 

was less than treatment 4. The increase in tree growth with increasing loading rates was expected 

due to the increase in nutrients and rooting volume and decrease in bulk density.  Betula nigra L. 

height growth in CCW-Wet was significantly different between the lowest two treatments and 

the highest three treatments.  Growth measurements of the trees were only taken once, after the 

trees had been in the ground for ~1 year.  It is possible that the trees were still adapting from a 

nursery environment to an outdoor environment at the time of measurement and, therefore, the 

data does not solely represent the treatment effect on tree growth.  This is thought to be the case 

based on visual differences of tree growth after a twenty month time period after initial planting.  

Although measurements were not obtained, obvious differences in tree growth were noticed 

among treatments, indicating that tree growth increased with compost loading rate.   

The number of stems on the trees increased along the same trajectory as tree growth in 

relation to compost loading rate.  This pattern indicates that the trees, whether tall or short in 

height, are dense and compact rather than spindly.  Therefore, it can be deduced that trees in the 

higher loading rates are healthier and their increased growth in height is a response to the 

compost additions instead of other environmental factor such as shade produced by standing 

biomass. 

 

5.3  Effects of tillage/deep ripping on soil properties 
 

Mitigation wetlands created by deep excavation often have severely compacted soils due 

to the use of heavy machinery during construction and the dense nature of the pre-existing 

subsoil that is subsequently utilized as a surface horizon. These compacted soils are 

characterized by high bulk density, low porosity and low organic matter content.  This is a 

problematic combination in terms of rooting volume, redox feature development, and soil water 

holding capacity (particularly in the summer months).  It is assumed that deep ripping of the soil 

to loosen compaction in mitigation wetlands would be a beneficial practice. 

Although the effects of deep ripping on soil properties in a non-tidal wetland was not a 

primary objective of the CCW experiments, some conclusions can be drawn from the 

comparison of results between the untilled and tilled control treatments.  Eh measured higher in 

the untilled control treatment 0 than in the corresponding tilled control treatment 1, although 

differences were significant only about half of the time.  There were no differences in the 
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development of redox features between the two control treatments.  Likewise, surface bulk 

densities were similar between treatments 0 and 1.  These results suggest that deep ripping of the 

upper 15 cm of soil in the wetland alone was not enough to alter soil properties, further 

emphasizing the importance of incorporated organic matter amendment additions into mitigation 

wetlands.  These results are only preliminary, and the topic of the effects of deep ripping on 

mitigation wetland soil properties deserves further study. 

 

5.4  Recommendations for the addition of organic matter into non-tidal wetlands 
 

The addition of high quality organic matter amendments, such as those used in the CCW 

experiments, provides the foundation for a strong microbial community, higher soil water 

content and lower Eh.  All of these basic soil properties are essential to hydric soil development 

via the enhancement of SOM accumulation and lowered Eh leading to the formation of 

redoximorphic features.  Additionally, organic matter amendments alleviate soil compaction and 

provide necessary nutrients to the flora, resulting in increased biomass production and vigorous 

woody plant growth.  The beneficial effects of organic matter amendments have been observed 

and recorded in numerous studies (Bishel-Machung et al., 1996; Stauffer and Brooks, 1997; Cole 

et al., 2001; Campbell et al., 2002; Daniels and Whittecar, 2004) yet the question remains: What 

is the appropriate amount of organic matter to add to a non-tidal mitigation wetland from a 

combined scientific and logistic perspective? 

In the CCW experiments, a loading rate of 112 Mg/ha of high quality yard waste compost 

consistently produced optimal conditions for the development of hydric soils and the growth of 

wetland herbaceous and woody vegetation.  Above the 112 Mg/ha loading rate, the amendment 

simply could not be adequately incorporated into the soil surface due to the large amount of 

material capping the soil.  This excessive amount of organic material actually raised the surface 

elevation, thereby increasing oxygen diffusion rates and thereby limiting Eh effects and redox 

feature development within 15 cm of the soil surface.  Therefore, from a short-term perspective, 

loading rates exceeding 100 Mg/ha may actually have a negative effect on hydric soil 

development and vegetative growth.  However, by 2004, a settling or oxidation effect of the 

organic material began to appear and vegetative growth positively responded to the higher 

loading rates.  It is imperative that longer-term studies be conducted in order to determine the 

effect/benefit of higher loading rates on soil and vegetation properties over time.  Until further 
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long-term studies are conducted, I recommend incorporating ~100 Mg/ha of high quality organic 

material into the mitigation wetland soil surfaces. 
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6.  SUMMARY AND CONCLUSIONS 
 

The functional values that wetlands provide are clearly recognized in the United States 

and wetland systems meeting jurisdictional status are protected under the Clean Water Act.  

However, permits granting wetland disturbance are still granted and mitigation must take place 

in the form of wetland preservation, restoration, or creation in order to compensate for harm 

imposed on jurisdictional wetlands.  Soils are a vital component to the functional success of 

created wetlands as they are the ecological foundation for most biological, chemical, and 

physical wetland processes.  Due to the numerous beneficial properties that the organic matter 

fraction imparts on soil properties, redevelopment of the SOM pool is particularly important in 

establishing a reconstructed wetland soil foundation. 

 Previous studies have documented a difference between natural and created wetland soil 

properties such as bulk density, SOM content, and the presence of redox features (Bishel-

Machung et al., 1996; Stauffer and Brooks, 1997; Cole et al., 2001; Campbell et al., 2002; 

Daniels and Whittecar, 2004).  These differences are often due to inadequate soil reconstruction 

practices that leave a soil highly compacted and without natural levels of SOM.  In order to help 

alleviate these problematic conditions, it is recommended that an appropriate organic matter 

amendment be incorporated into the soil surface as soil reconstruction is completed.  The CCW 

experiments were developed with the intent of determining the appropriate organic matter 

loading rate for non-tidal Coastal Plain forested mitigation wetlands. 

Based upon data obtained in the CCW experiments over a two-year period, it was 

determined that varying loading rates of a high quality organic amendment resulted in 

differential enhancement of soil properties.  Redox potential decreased and the presence of redox 

features increased as the loading rate increased to 112 Mg/ha.  Surface bulk density decreased 

through loading rates of 224 Mg/ha and then reached an equilibrium level.  However, sub-

surface bulk density (~25-30 cm below the soil surface) was not affected by compost loading 

rates.  In the CCW-Dry experiment, soil moisture content increased with increasing loading rate 

through 112 Mg/ha while moisture content in the CCW-Wet experiment linearly increased with 

loading rate.  Likewise, levels of SOM linearly increased with loading rate. 

 Soil development positively responded to the addition of organic matter into the soil 

surface.  Control treatments displayed the typical Ap/Btg soil profile characteristic of soils 

disturbed via excavation. However, treatments that received organic matter additions were 

characterized by an Ap/BA/Btg soil profile.  The transitional BA horizon was loose, friable, and 
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distinctly different from the horizons above or below.  Although the bulk density of this horizon 

was not determined, it is assumed to be much lower than the underlying Btg horizon based on 

field observations.  The formation of the BA horizon is most likely the result of leaching organic 

compounds from the organic matter incorporated into the overlying Ap horizon.  

 Organic matter loading rates also affected herbaceous and woody vegetation response in 

terms of vigor and growth.  Standing biomass increased with loading rate through 112 Mg/ha in 

the CCW-Dry experiment while a linear increase in biomass was associated with increased 

loading rate in the CCW-Wet experiment.  Growth of the two planted tree species, river birch 

and willow oak, increased through the 112 Mg/ha rate, after which growth either decreased or 

equilibrated with an additional increase in loading rate.   

 A decrease or plateau in Eh, redox feature development, bulk density, moisture content, 

and vegetative growth at higher loading rates (> 112 Mg/ha) was due to increased oxygen 

diffusion rates caused by raised surface elevations and inadequate incorporation of the organic 

material.  It is clear that loading rates exceeding 100 to 150 Mg/ha are not only less stable due to 

the lack of organic/mineral soil contact, but also produce a negative effect on soil and vegetative 

properties in the short term.  However, two-years after experiment installation, a settling or 

oxidation affect of the amendment was observed in which herbaceous and woody vegetation 

positively responded to the higher loading rates.  Further studies are needed to determine the 

long term effects of higher organic matter loading rates on soil properties and vegetative growth.     

 The addition and appropriate incorporation of organic matter amendments into non-tidal 

mitigation wetland soil surfaces induces positive effects on both hydric soil development and 

vegetation growth.  Based on short-term soil and vegetation responses, it is recommended to 

fully incorporate ~ 100 Mg/ha of a high quality organic amendment into non-tidal mitigation 

wetlands to increase mitigation success rates and to enhance soil related wetland functions.  
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APPENDICIES 
 
Appendix A.  Criteria for hydric soils (Federal Register, February 24, 1995). 
 
 

1. All Histosols except Folists, or 
2. Soils in Aquic Suborders, Great Groups, or Subgroups, Albolls Suborder, Aquisalids, 

Pachic Subgroups, or Cumulic Subgroups that are: 
a. somewhat poorly drained with a water table equal to 0.0 foot (ft.) from the surface 

during the growing season, or 
b. poorly drained or very poorly drained and have either: 

(1) water table equal to 0.0 ft. during the growing season if textures are 
coarse sand, sand, or fine sand in all layers within 20 inches (in.), or for 
other soils 

(2) water table at less than or equal to 0.5 ft. from the surface during the 
growing season if permeability is equal to or greater than 6.0 in./hour 
(h.) in all layers within 20 in., or 

(3) water table at less than or equal to 1.0 ft. from the surface during the 
growing season, if permeability is less than 6.0 in./h. in any layer within 
20 in., or 

3. Soils that are frequently ponded for long or very long duration during the growing 
season, or 

4. Soils that are frequently flooded for long or very long duration during the growing 
season. 
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Appendix B.  USDA-NRCS hydric soil indicators of the United States (Hurt et al., 1998). 
 
A.  INDICATORS FOR ALL SOILS REGARDLESS OF TEXTURE: 
     A1 – Histosols. Soil that classifies as a Histosol, except Folists. 
     A2 – Histic Epipedon. Soil that has a histic epipedon. 
     A3 – Black Histic. Soils with a layer of peat, mucky peat, or muck 20 cm (8 in.) or more thick      
       starting within the upper 15 cm of the soil surface having a hue 10YR or yellower, value of 3  
       or less, and chroma 1 or less. 
     A4 – Hydrogen Sulfide. Soils with a hydrogen sulfide odor within 30 cm of the soil surface. 
     A5 – Stratified Layers. Soils with several stratified layers starting within the upper 15 cm of  
       of the soil surface.  One or more of the layers has value 3 or less with chroma 1 or less and/or  
       it is muck, mucky peat, peat, or mucky modified mineral texture.  The remaining layers have  
       value 4 or more and chroma 2 or less. 
     A6 – Organic Bodies. Soils with a layer that has 2% or more organic bodies of muck or a  
       mucky modified mineral texture, approximately 1 to 3 cm in diameter, starting within 15 cm 
       of the soil surface. 
     A7 – 5 cm Mucky Mineral. Soils with a mucky modified mineral layer 5 cm or more thick  
       starting within 15 cm of the soil surface. 
     A8 – Muck Presence. Soil with a layer of muck with value 3 or less and chroma 1 or less  
       within 15 cm of the soil surface. 
     A9 – 1 cm Muck. Soils with a layer of muck 1 cm or more thick with value 3 or less and  
       chroma 1 or less starting within 15 cm of the soil surface. 
     A10 – 2 cm Muck. Soils with a layer of muck 2 cm or more thick with value 3 or less and 
       chroma 1 or less starting within 15 cm of the soil surface. 
 
S.  INDICATORS FOR SOILS WITH SANDY SOIL MATERIALS: 
     S1 – Sandy Mucky Mineral. Soils with a mucky modified mineral layer 5 cm or more thick  
       starting within 15 cm of the soil surface. 
     S2 – 3 cm Mucky Peat or Peat. Soils with a layer of mucky peat or peat 2.5 cm or more thick  
       with value 4 or less and chroma 3 or less starting within 15 cm of the soil surface. 
     S3 – 5 cm Mucky Peat or Peat. Soils with a layer of mucky peat or peat 5 cm or more thick 
       with a value 3 or less and chroma 2 or less starting within 15 cm of the soil surface. 
     S4 – Sandy Gleyed Matrix. Soils with a gleyed matrix which occupies 60% or more of the  
       layer starting within 15 cm of the soil surface. 
     S5 – Sandy Redox. Soils with a layer starting within 15 cm of the soil surface that is at least  
       10 cm thick that has a matrix with 60% or more of its volume chroma 2 or less and 2% or  
       more distinct or prominent redox concentrations as soft masses and/or pore linings. 
     S6 – Stripped Matrix. Soils with a layer starting within 15 cm of the soil surface in which  
       iron/manganese oxides and/or organic matter have been stripped from the matrix exposing  
       the primary base color of soil materials.  The stripped areas and translocated oxides and/or 
       organic matter form a diffuse splotchy pattern of two or more colors.  The stripped zones are 
       10% or more of the volume; they are rounded and approximately 1 to 3 cm in diameter. 
     S7 – Dark Surface. Soils with a layer 10 cm or more thick starting within the upper 15 cm of  
       the soil surface with a matrix value 3 or less and chroma 1 or less.  At least 70% of the  
       visible soil particles must be covered, coated, or similarly masked with organic material. The  
       matrix color of the layer immediately below the dark layer must have chroma 2 or less. 
     S8 – Polyvalue Below Surface. Soils with a layer that has a value 3 or less and chroma 1 or  
       less starting within 15 cm of the soil surface underlain by a layer(s) where translocated 
       organic matter unevenly covers the soil material forming a diffuse splotchy pattern.  At least 
       70% of the visible soil particles in the upper layer must be covered, coated, or similarly  
       masked with organic material.  Immediately below this layer, the organic coating occupies 
       5% or more of the soil volume and has value 3 or less and chroma 1 or less.  The remainder  
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       of the soil volume has value 4 or more and chroma 1 or less. 
     S9 – Thin Dark Surface. Soils with a layer 5 cm or more thick within the upper 15 cm of the 
       soil surface, with value 3 or less and chroma 1 or less.  At least 70% of the visible soil  
       particles in this layer must be covered, coated, or masked with organic mer(s) with value 4 or 
       less and chroma 1 or less to a depth of 30 cm or to the spodic horizon, whichever is less. 
     S10 – Alaska Gleyed. Soils with a layer that has a dominant hue N, 10Y, 5GY, 5G, 10G,  
       5BG, 10BG, 5B, 10B, or 5PB, with value 4 or more in the matrix, within 30 cm of the 
       mineral surface, and underlain by hue 5Y or redder in the same type of parent material. 
 
F.  INDICATORS FOR SOILS WITH LOAMY AND CLAYEY SOIL MATERIAL 
     F1 – Loamy Mucky Mineral. Soils with a mucky modified mineral layer 10 cm or more thick 
       starting within 15 cm of the soil surface. 
     F2 – Loamy Gleyed Matrix. Soils with a gleyed matrix that occupies 60% or more of a layer 
       starting within 30 cm of the soil surface. 
     F3 – Depleted Matrix. Soils with a layer at least 15 cm thick with a depleted matrix that has  
       60% or more chroma 2 or less starting within 25 cm of the soil surface.  The minimum  
       thickness requirement is 15 cm if the depleted matrix is entirely within the upper 15 cm of  
       the mineral soil.  
     F4 – Depleted Below Dark Surface. Soils with a layer at least 15 cm thick with a depleted  
       matrix that has 60% or more chroma 2 or less starting within 30 cm of the soil surface.  The  
       layer(s) above the depleted matrix have value 3 or less and chroma 2 or less. 
     F5 – Thick Dark Surface. Soils with a layer at least 15 cm thick with a depleted matrix that  
       has 60% or more chroma 2 or less (or a gleyed matrix) starting below 30 cm of the surface.   
       The layer(s) above the depleted or gleyed matrix have hue N and value 3 or less to a depth of  
       30 cm and value 3 or less and chroma 1 or less in the remainder of the epipedon. 
     F6 – Redox Dark Surface. Soils with a layer at least 10 cm thick entirely in the upper 30 cm  
       of the mineral soil that has: 

a. matrix value 3 or less and chroma 1 or less and 2% or more distinct or prominent redox 
concentrations as soft masses or pore linings, or 

b. matrix value 3 or less and chroma 2 or less and 5% or more distinct or prominent redox 
concentrations as soft masses or pore linings. 

     F7 – Depleted Dark Surface. Soils with redox depletions, with value 5 or more and chroma 2  
       or less, in a layer at least 10 cm thick entirely within the upper 30 cm of the mineral soil that  
       has: 

a. matrix value 3 or less and chroma 1 or less and 10% or more redox depletions, or 
b. matrix value 3 or less and chroma 2 or less and 20% or more redox depletions. 

     F8 – Redox Depressions. Soils in closed depressions subject to ponding with 5% or more  
       distinct or pore linings in a layer 5 cm or more thick entirely within the upper 15 cm of the  
       soil surface.  
     F9 – Vernal Pools. Soils in closed depressions subject to ponding with a depleted matrix in a  
       layer 5 cm thick entirely in the upper 15 cm of the soil surface. 
     F10 – Marl. Soils with a layer of marl with a value 5 or more starting within 10 cm of the soil  
       surface. 
     F11 – Depleted Ochric. Soils with a layer(s) 10 cm or more thick that has 60% or more of the  
       matrix with value 4 or more and chroma 1 or less.  The layer is entirely within the upper 25  
       cm of the soil surface. 
     F12 – Iron/Manganese Masses. Soils on floodplains with a layer 10 cm or more thick with  
       40% or more chroma 2 or less, and 2% or more distinct or prominent redox concentrations as  
       soft iron/manganese masses with diffuse boundaries.  The layer occurs entirely within the  
       upper 30 cm of the soil surface.  Iron/manganese masses have value 3 or less and chroma 3 or  
       less; most commonly they are black.  The thickness requirement is waived if the layer is the  
       mineral surface layer. 
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     F13 – Umbric Surface. Soils on concave positions of interstream divides and in depressions,  
       a layer 15 cm or more thick starting within the upper 15 cm of the soil surface with value 3 or 
       less and chroma 1 or less immediately underlain by a layer 10 cm or more thick with chroma  
       2 or less. 
     F14 – Alaska Redox Gleyed. Soils with a layer that has dominant matrix hue 5Y with chroma  
       3 or less, or hue N, 10Y, 5GY, 10GY, 5G, 10G, 5BG, 10BG, 5B, 10B, or 5PB, with 10% or  
       more redox concentrations as pore linings with value and chroma 4 or more.  The layer  
       occurs within 30 cm of the soil surface. 
     F15 – Alaska Gleyed Pores. Soils with a layer that has 10% hue N, 10Y, 5GY, 10GY, 5G,  
       10G, 5BG, 10BG, 5B, 10B, or 5PB with value 4 or more in the matrix or along channels  
       containing dead roots or no roots within 30 cm of the soil surface.  The matrix has dominant  
       chroma 2 or less. 
     F16 – High Plains Depressions. Soils in closed depressions subject to ponding with a layer at  
       least 10 cm thick within the upper 35 cm of the mineral soil that has chroma 1 or less and: 

a. 1% or more redox concentrations as nodules or concretions, or 
b. redox concentrations as nodules or concretions with distinct or prominent corona. 
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Appendix C.  The relationship of redox potential (Eh) to pH for important half cell reactions in 
water.  The bold lines denote the Eh at which water is oxidized to O2 (upper line) or reduced to 
H2 (lower line) (Original figure by Kathryn Haering after McBride, 1994). 
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Appendix D.  Diagram of piezometers installed at CCW (Despres, 2004; used with 
author’s permission). 
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Appendix E.  Morphological properties of major soil horizons in CCW-Dry plots.  Data 
                       gathered on November 1-2, 2003.  Abbreviations in compliance with the  
                       National Soil Survey Handbook (Soil Survey Staff, 1994).   
 

Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 
    cm   % vol. Color Contrast Type       

Treatment 1 
           

5 Ap 0-15 10YR 5/2 2 7.5YR 4/6 p lining l 1fsbk/1&2mgr 1vf&f 
    2 7.5YR 4/6 p mass    
    10-15 5YR 6/8 p mass    
 Btg 15-23+ N 6/ 10 7.5YR 6/8 p mass cl 0m/3mabk 1f 
    10 5YR 6/8 p mass    
    1 N 2.5/0 p mass    
           
8 Ap 0-16 10YR 5/2 2 7.5YR 4/6 p mass l 1fsbk/2mgr 2vf&f 
    2-5 7.5YR 4/6 p lining    
 Btg 16-24+ N 6/ 5-10 5YR 6/8 p mass cl 0m/3mabk 1f 
    10-15 7.5YR 6/8 p mass    
           
11 Ap 0-13 10YR 5/2 2 7.5YR 4/6 p mass l 1fsbk/2mgr 2vf&f 
    2-5 7.5YR 4/6 p lining    
 Btg 13-24+ N 6/ 5-10 7.5YR 6/8 p mass cl 0m/3mabk 1vf&f 
    2-5 2.5YR 5/8 p mass    
           
20 Ap 0-15 10YR 5/2 2 7.5YR 4/6 p mass l 1f&msbk/1mgr 1vf&f 
    5 7.5YR 4/6 p lining    
 Btg 15-23+ N 6/ 10-15 5YR 6/8 p mass cl 0m/3mabk 1f 
    5-10 7.5YR 6/8 p mass    
           

Treatment 2 
           

6 Ap 0-12 10YR 4/2 5-10 7.5YR 5/6 p lining l 2f&mgr 2vf&f 
    2-5 7.5YR 5/6 p mass    
 Btg 12-25+ N 6/ 10 7.5YR 6/8 p mass cl 0m/3mabk 1vf&f 
    2-5 7.5YR 6/8 p mass    
           
10 Ap 0-19 10YR 4/2 10 7.5YR 4/6 p lining l 2f&mgr/2f&msbk 2vf&f 
    5-10 7.5YR 4/6 p mass    
 Btg 19-23+ N 6/ 1 10YR 4/4 p lining cl 0m/3m&coabk 1vf&f 
    2-5 5YR 6/8 p mass    
    10-15 10YR 6/8 p mass    
           
14 Ap 0-16 10YR 4/2 10 7.5YR 4/6 p mass l 2f&mgr/2f&msbk 2vf&f 
    5-10 7.5YR 4/6 p lining    
 BA 16-21 10YR 5/1 5-10 10YR 4/4 d mass cl 1&2msbk 2vf&f 
    5-10 10YR 4/4 d lining    
 Btg 21-28+ N 6/ 2 N 2.5/ p mass cl 0m/3m&coabk 1vf&f 
    5-10 10YR 6/8 p mass    
           
18 Ap 0-14 10YR 4/2 2-5 7.5YR 5/6 p lining l 2f&mgr/1fsbk 2vf&f 
    5-10 7.5YR 5/6 p mass    
 Btg 14-25+ N 6/ 5-10 10YR 7/8 p mass cl 0m/3m&coabk 1vf&f 
    5-10 7.5YR 6/8 p mass    
    1 2.5YR 6/8 p mass    
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Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 
    cm   % vol. Color Contrast Type       

Treatment 3 
           

4 Ap 0-11 10YR 3/2 10 7.5YR 5/6 p lining l 1fgr/2f&msbk 3vf&f 
 BA 11-17 10YR 5/2 1 7.5YR 5/6 p mass l 2msbk 2vf&f 
    15 7.5YR 4/6 p lining    
    15 7.5YR 4/6 p mass    
 Btg 17-28+ N 6/ 2-5 7.5YR 6/8 p mass cl 0m/3m&coabk 1vf&f 
    5-10 2.5YR 5/8 p mass    
           
9 Ap 0-10 10YR 3/1 2-5 10YR 5/8 p lining l 1fgr 2vf&f 
 BA 10-16 10YR 5/1 10-15 10YR 5/8 p lining l 1msbk 2vf&f 
    5-10 10YR 5/8 p mass    
 Btg 16-25+ N 6/ 10-15 7.5YR 6/8 p mass cl 0m/1co&vcabk 1f 
    2 10YR 6/8 p lining    
           
12 Ap 0-13 10YR 3/2 10-15 10YR 5/6 p lining l 3mgr 3vf&f/1m 
      2-5 10YR 5/8 p mass    
 BA 13-17 10YR 5/2 5-10 10YR 5/8 p mass l 2msbk 3vf&f/1m 
    5-10 7.5YR 4/6 p lining    
 Btg 17-30+ N 6/ 2-5 10YR 6/8 p mass cl 0m/3coabk 1vf&f/1m 
    15-20 7.5YR 6/8 p mass    
           
19 Ap 0-11 10YR 3/1 10 7.5YR 5/8 p lining l 3mgr 2vf&f 
 BA 11-17 10YR 5/2 10 7.5YR 5/8 p mass l 2mgr/2msbk 2vf&f 
    5-10 7.5YR 4/6 p lining    
    10 7.5YR 4/6 p mass    
 Btg 17-28+ N 6/ 2 2.5YR 5/8 p mass cl 0m/3coabk 1vf&f 
    10-15 7.5YR 6/8 p mass    
           

Treatment 4 
           

2 Oe 0-8 10YR 2/1 5-10 7.5YR 5/6 p lining  2f&mgr 3vf&f/2m 
 BA 8-22 10YR 5/2 5-10 7.5YR 4/4 d lining l 1msbk/2mgr 3vf&f/1m 
    10-15 7.5YR 4/6 p mass    
    10-15 7.5YR 4/6 p lining    
 Btg 22-27+ N 6/ 5-10 10YR 7/8 p mass cl 3cosbk 1f/1m 
    2-5 7.5YR 6/8 p mass    
           
3 Ap 0-9 10YR 2/1 0    mk l 2f&mgr 2f/2m 
 BA 9-18 10YR 5/2 15-20 7.5YR 4/6 p mass l 1msbk/2mgr 2f/1m 
    15-20 7.5YR 4/6 p lining    
    2-5 7.5YR 5/8 p mass    
 Btg 18-24+ N 6/ 5-10 10YR 7/8 p mass cl 3cosbk 1f/1m 
           
7 Oe 0-11 10YR 2/1 0     3f&mgr 3vf&f/2m 
 BA 11-18 10YR 5/2 10-15 7.5YR 5/6 p mass l 1msbk/2mgr 3vf&f 
    15-20 7.5YR 5/6 p lining    
 Btg 18-29+ N 6/ 5-10 7.5YR 6/8 p mass cl 0m/3coabk 1f 
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Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 
    cm   % vol. Color Contrast Type       

           
Treatment 4 (cont.) 

           
17 Ap 0-12 10YR 2/1 1 10YR 5/6 p mass mk l 3f&mgr 3vf&f/2m 
 BA 12-18 10YR 5/2 10-15 7.5YR 4/6 p lining l 1msbk/1mgr 3f/2mb 
    5-10 7.5YR 5/6 p lining    
    5-10 7.5YR 5/6 p mass    
 Btg 18-28+ N 6/ 5-10 7.5YR 6/8 p mass cl 0m/3coabk 1m 
    2-5 2.5YR 5/8 p mass    

           
Treatment 5 

           
1 Oe 0-15 10YR 2/1 1 7.5YR 5/6 p lining  3f&mgr 2vf&f/2m 
 BA 15-20 10YR 5/2 5-10 7.5YR 5/6 p mass l 2msbk/2mgr 2f/2m 
    5-10 7.5YR 5/8 p lining    
 Btg 20-29+ N 6/ 2-5 2.5YR 5/8 p mass cl 0m/3coabk 1f/1m 
    5-10 7.5YR 6/8 p mass    
           
13 Oe 0-15 10YR 2/1 0     3f&mgr 3f/2m 
 BA 15-24 10YR 5/2 20 5YR 4/6 p mass l 3coabk 2f/2m 
    20 5YR 4/6 p lining    
 Btg 24-30+ N 6/ 5-10 10YR 7/8 p mass cl 3cosbk 1m 
           
15 Oe 0-14 10YR 2/1 0     1f&mgr 3vf&f/2m 
 BA 14-22 10YR 5/2 30 7.5YR 4/4 d lining l 1coabk 3vf&f/1m 
    5-10 7.5YR 4/6 p mass    
 Btg 22-26+ N 6/ 2 2.5YR 5/8 p mass cl 3cosbk 1f/1m 
    10-15 7.5YR 6/8 p     
           
16 Oe 0-14 10YR 2/1 2 7.5YR 4/6 p lining  3f&mgr 2vf&f/2m 
 BA 14-21 10YR 5/2 5-10 7.5YR 5/6 p lining l 3coabk 2f/2m 
    2-5 7.5YR 5/8 p lining    
    2 10YR 4/6 p mass    
 Btg 21-29+ N 6/ 10 7.5YR 6/8 p mass cl 0m/3coabk 1f/1m 
           

Reference Treatment 
           
R1 Ap 0-11 10YR 5/2 2 7.5YR 5/6 p lining l 2f&mgr 2vf&f/2m 
    2-5 7.5YR 5/6 p mass    
 Btg 16-31+ N 6/ 5-10 10YR 7/8 p mass cl 0m 1m 
    2 2.5YR 5/8 p mass    
           
R2 Ap 0-11 10YR 5/2 2-5 7.5YR 4/6 p lining l 2f&mgr/1fsbk 2vf&f/2m 
    2-5 7.5YR 4/6 p mass    
 Btg 11-26+ N 6/ 5-10 7.5YR 5/8 p mass cl 0m 1f/1m 
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Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 

    cm   % vol. Color Contrast Type       
           

Reference Treatment (cont.) 
           
R3 Ap 0-13 10YR 5/2 2-5 7.5YR 4/6 p lining l 2f&mgr 2vf&f/2m 
    2-5 7.5YR 4/6 p mass    
 Btg 13-27+ N 6/ 2 10YR 4/6 p mass cl 0m/3m&tkpl 1f/1m 
    10 7.5YR 6/8 p lining    
    10-15 7.5YR 6/8 p mass    
    1 10YR 7/8 p mass    
           
R4 Ap 0-10 10YR 5/2 2 7.5YR 4/6 p lining l 2mgr/2msbk 2vf&f/2m 
    2-5 7.5YR 4/6 p mass    
 Btg 10-27+ N 6/ 10-15 2.5YR 6/8 p mass       cl 0m 1m 
    2-5 7.5YR 6/8 p mass    
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Appendix F.  Morphological properties of major soil horizons in CCW-Wet plots.  Data 
                       gathered on October 11-12, 2003.  Abbreviations in compliance with the  
                       National Soil Survey Handbook (Soil Survey Staff, 1994).   
 
Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 
    cm   % vol. Color Contrast Type       
           

Treatment 1 
           
3 Ap 0-14 10YR 5/1 2-5 7.5YR 5/8 p lining l 1fsbk 2vf&f 
 Btg 14-25+ N /6 2-5 10YR 6/8 p mass cl 0m/3mabk 1f 
    2-5 5YR 6/8 p mass    
    20 7.5YR 6/8 p mass    
           
9 Ap 0-13 10YR 5/1 5 7.5YR 5/8 p lining l 1fsbk 2vf&f 
 Btg 13-26+ N /6 5 5YR 6/8 p lining cl 0m/3mabk 1vf&f 
    20 7.5YR 6/8 p mass    
    2 10YR 7/8 p mass    
           
14 Ap 0-15 2.5YR 5/1 2 7.5YR 4/4 p mass l 1fsbk 2vf&f 
    2-5 7.5YR 5/8 p mass    
    2 7.5YR 5/6 p lining    
 Btg 15-25+ N /6 5-10 5YR 6/8 p mass cl 0m 1vf&f 
    5-10 2.5YR 5/8 p mass    
    1 10YR 7/8 p mass    
           
16 Ap 0-12 10YR 5/1 5 7.5YR 5/8 p lining l 1fsbk/1mgr 2vf&f 
    2-5 5YR 5/6 p mass    
 Btg 12-26+ N /6 20 7.5YR 6/8 p mass cl 0m/3m&coabk 1f 
    5 2.5YR 5/8 p mass    
    2 10YR 7/8 p mass    
           

Treatment 2 
           
4 Ap 0-13 10YR 5/2 5-10 7.5YR 5/6 p lining l 2mgr/2fsbk 2m 
    1 7.5YR 5/8 p mass    
 Btg 13-22+ N /6 5-10 10YR 7/8 p mass cl 0m/3cosbk 2m 
    5-10 7.5YR 6/8 p mass    
           
7 Ap 0-13 10YR 5/2 15 7.5YR 5/6 p lining l 2fsbk 2vf&f 
 Btg 13-26+ N /6 5 5YR 6/8 p mass cl 0m/3mabk 1vf&f 
    20 7.5YR 6/8 p mass    
    2 10YR 6/8 p mass    
           
12 Ap 0-9 10YR 5/2 5 7.5YR 5/8 p mass l 2f&mgr/1fsbk 2vf&f 
    5-10 7.5YR 5/8 p lining    
 BA 9-21 10YR 5/1 15-20 7.5YR 6/8 p lining l 1&2msbk 2vf&f 
 Btg 21-30+ N /6 20 5YR 6/8 p mass cl 0m/3coabk 1f 
    2 10YR 6/8 p mass    
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Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 
    cm   % vol.     Color Contrast Type       
 

                                      Treatment 2 (cont.) 
           
19 Ap 0-9 10YR 4/1 5-10 7.5YR 5/6 p lining l 2mgr/2fsbk 2vf&f 
    2 7.5YR 5/6 p mass    
 BA 9-19 10YR 5/2 2 7.5YR 4/6 d mass l 2msbk 2vf&f 
    5-10 7.5YR 5/6 p mass    
    5-10 7.5YR 5/6 p lining    
 Btg 19-28+ N /6 15 2.5YR 5/8 p mass cl 0m/3msbk 1f 
    5-10 10YR 6/8 p mass    
           

Treatment 3 
           
1 Ap 0-13 10YR 3/1 2-5 7.5YR 5/6 p lining mk l 2fgr 3vf&f 
    5-10 7.5YR 5/6 p mass    
 BA 13-18 10YR 6/2 15 7.5YR 5/8 p lining l 1msbk 3vf&f 
 Btg 18-25+ N /6 20 7.5YR 6/8 p mass cl 3coabk 1vf&f 
    2 5YR 6/8 p mass    
           
8 Ap 0-11 10YR 3/1 20 7.5YR 5/8 p lining mk l 2fgr 2vf&f 
 BA 11-21 10YR 6/1 25 7.5YR 5/6 p mass l 1msbk 2vf&f 
 Btg 21-26+ N /6 2-5 10YR 6/8 p mass cl 0m 1f 
    2-5 5YR 6/8 p mass    
    20 7.5YR 6/8 p mass    
           
15 Ap 0-8 10YR 3/1 2-5 7.5YR 5/6 p mass mk l 2fgr/1fsbk 2vf&f 
    5-10 7.5YR 5/6 p lining    
 BA 8-20 10YR 6/2 15 7.5YR 4/6 p lining l 1fsbk 2vf&f 
 Btg 20-25+ N /6 2-5 10YR 6/8 p mass cl 0m/3cosbk 1vf&f 
    2-5 5YR 5/8 p lining    
    5 5YR 5/8 p mass    
    10 N 2.5/ p mass    
           
18 Ap 0-9 10YR 3/1 5-10 7.5YR 5/8 p lining mk l 2fgr 3vf&f 
 BA 9-15 10YR 6/2 2-5 7.5YR 5/6 p mass l 1f&msbk 2vf&f 
    20 7.5YR 5/6 p lining    
 Btg 15-32+ N /6 2-5 10YR 6/8 p mass cl 0m/2msbk 1f 
    10-15 7.5YR 6/8 p mass    
           

Treatment 4 
           
5 Oe 0-10 10YR 2/1 1 7.5YR 4/4 p lining  1vfgr 2m 
    2 7.5YR 4/4 p mass    
 BA 10-21 10YR 5/2 5-10 7.5YR 5/6 p mass l 1f&msbk 2m 
    15 7.5 YR 5/6 p lining    
 Btg 21-27+ N /6 20 7.5YR 6/8 p mass cl 0m/3cosbk 2m 
           
6 Oe 0-10 10YR 2/1 0     1vfgr 2vf&f 
 BA 10-17 10YR 6/2 15 7.5YR 4/6 p lining l 1f&msbk 2vf&f 
 Btg 14-25+ N /6 2 7.5YR 6/8 p mass cl 3cosbk 1f 
    20 7.5YR 6/8 p mass    
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Plot Horizon Depth Color Redoximorphic Concentrations  Texture   Structure Roots 
    cm   % vol. Color Contrast Type     
 

           Treatment 4 (cont.) 
         
13 Oe 0-14 10YR 2/1 2 7.5YR 4/6 p lining  1vfgr 2vf&f 
 BA 14-22 10YR 5/2 15 7.5YR 5/6 p mass l 1f&msbk 2vf&f 
 Btg 22-29+ N /6 5-10 10YR 6/8 p mass cl 0m/3coabk 1vf&f 
    10-15 7.5YR 6/8 p mass    
           
17 Oe 0-13 10YR 2/1 2 7.5YR 4/6 p lining  1vfgr 3vf&f 
    2 7.5YR 4/6 p mass    
 BA 13-23 10YR 6/2 20 7.5Y 5/6 p lining l 1f&msbk 3vf&f 
    5-10 7.5YR 5/6 p mass    
 Btg 23-31+ N /6 2-5 10YR 6/8 p mass cl 0m/3cosbk 1f 
    10 5YR 6/8 p mass    
           

        Treatment 5 
 
2 Oe 0-16 10YR 2/1 1 7.5YR 4/6 p lining  2vfgr 2vf&f 
 BA 16-20 10YR 6/2 15 7.5YR 4/6 p lining l 1 f&msbk 2vf&f 
    5-10 7.5YR 4/6 p mass    
 Btg 20-24+ N /6 20 7.5YR 6/8 p mass cl 3cosbk 1f 
    5 10YR 6/8 p mass    
           
10 Oe 0-14 10YR 2/1 1 7.5YR 4/6 p lining  2vfgr 3vf&f 
 BA 14-22 10YR 6/2 10 7.5YR 4/6 p lining l 1f&msbk 2f 
    5-10 7.5YR 4/6 p mass    
 Btg 22-29+ N /6 20 7.5YR 6/8 p mass cl 0m 1f 
           

11 Oe 0-16 10YR 2/1 1 7.5YR 4/6 p mass  2vfgr 
2vf/2
m 

    1 7.5YR 4/6 p lining    
 Btg 16-28+ N /6 2-5 10YR 6/8 p mass cl 0m/3coabk 2m 
    2-5 5YR 6/8 p mass    
           
20 Oe 0-15 10YR 2/1 1 7.5YR 4/6 p lining  2vfgr 2f/2m 
 BA 15-21 10YR 6/1 15 7.5YR 4/6 p lining l 1msbk  
 Btg 21-30+ N /6 10-15 5YR 6/8 p mass cl 0m/3coabk 2m 
    10-15 7.5YR 6/8 p mass    
  

                 Reference Treatment 
 
R1 Ap 0-12 10YR 6/2 2-5 7.5YR 5/8 p lining l 2f&mgr/1fsbk 2m 
    2 7.5YR 5/8 p mass    
 Btg 12-25+ N /6 10 7.5YR 6/8 p mass cl 0m 2m 
    10 5YR 6/8 p mass    
    2-5 10YR 6/8 p mass    
           
R2 Ap 0-10 10YR 6/2 2-5 7.5YR 5/6 p lining l 2f&mgr 2m 
    2-5 7.5YR 5/6 p mass    
 Btg 10-29+ N /6 10-15 7.5YR 6/8 p mass cl 0m/3coabk 2m 
    10 5YR 6/8 p mass    
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Plot Horizon Depth Color Redoximorphic Concentrations Texture Structure Roots 
    cm   % vol. Color Contrast Type       
           

Reference Treatment (cont.) 
           
R3 Ap 0-11 10YR 6/2 2-5 7.5YR 5/8 p lining 1 2f&mgr 2m 
    5 7.5YR 5/8 p mass    
           
 Btg 11-24+ N /6 5-10 7.5YR 6/8 p mass c1 0m 2m 
    10-15 5YR 6/8 p mass    
    2-5 10YR 6/8 p mass    
           
R4 Ap 0-10 10YR 6/2 2-5 7.5YR 5/8 p lining 1 2f&mgr/1fsbk 2m 
    2-5 7.5YR 5/6 p mass    
           
 Btg 10-27+ N /6 10 7.5YR 6/8 p mass c1 0m 2m 
    10 10YR 6/8 p mass    
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Appendix G.  Bulk density results. 
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Figure G.1.  Regression analysis of bulk density as affected by compost rate in CCW-Dry. 
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Figure G.2.  Regression analysis of bulk density as affected by compost rate in CCW-Wet. 
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