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ABSTRACT 

This research examines a wetland in south-central Pennsylvania which has 

been constructed adjacent to a naturally formed emergent wetland system.  Unlike 

most constructed wetlands, which are typically built for mitigation or water quality 

improvement purposes, this one was intended solely for habitat improvement.  The 

purpose of the research is to evaluate nitrate removal in a mostly open water 

wetland in this context and, if possible, compare this capacity to the adjacent 

emergent wetland. 

To quantify nitrate removal from water, samples were collected weekly at key 

locations and analyzed over a ten month period from July 2010 to May 2011, with 

changes in nitrate concentrations being observed over this time.  Additional 

parameters measured for comparison across the different sampling locations 

included water temperature, pH and specific conductance.  Site surveys were 

carried out to aid in determining stored volumes and flows through the system.  

These data aided in calculating hydraulic retention time, generally considered to be 

a key factor in nitrate removal. 

The results of this study indicate that open water can be very effective in 

reducing nitrate loadings with the constructed wetland removing an average of 2.36 

mg/l of nitrate over the study period which equates to 53% of total influent nitrate 

with an average hydraulic retention time of approximately 14 days.  The natural 

wetland had a much lower removal rate of 0.31 mg/l or 7% of influent nitrate, 

however, given the much greater water flows through this system, the total nutrient 

removal was much higher. An estimated 730 kg of nitrate was removed in the 

natural wetland compared to 201 kg removed in the constructed wetland over the 10 

month study period. 
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INTRODUCTION 

In the past, wetlands were commonly known as swamps or marshes and 

were seen largely as a nuisance, something frequently filled in to extend usable 

farmland, commercial or residential areas.  Prior to the Clean Water Act of 1977 it 

was both acceptable and legal to fill wetlands for other uses such as transportation, 

development or recreation.  The values of wetlands are now recognized and they 

are protected by federal law as well as state and local laws and regulations in most 

states.  One of the most important functions associated with wetlands, and the main 

focus of this research, is their ability to reduce loadings of nutrients such as nitrate.  

Much of the stimulus for this research came from frustration with the regulatory 

processes which do not specifically recognize the water quality improvement 

capabilities of open water wetlands. 

Wetlands are legally defined as “areas that are inundated or saturated by 

surface or groundwater at a frequency and duration sufficient to support, and that 

under normal circumstances do support, a prevalence of vegetation typically 

adapted for life in saturated soil conditions, including swamps, marshes, bogs and 

similar areas”(Clean Water Act, Section 404 and Pennsylvania Code Title 25 

Chapter 105).While this is an accurate definition, it does not address a number of 

other water features which also fulfill the water quality improvement functions of a 

wetland such as farm ponds and lakes.  While open water wetlands are still subject 

to federal and state regulations, as Waters of the U.S. or Waters of the 

Commonwealth, they do not have the same mitigation requirements associated with 
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emergent, scrub-shrub or forested wetlands. This research addresses open water 

wetlands that have not been sufficiently evaluated, from a regulatory viewpoint, with 

regard to their water quality functions. 

In Pennsylvania wetlands are protected under both federal (Clean Water Act) 

and state (Chapter 105) laws.  Given their nutrient removal capabilities, impacts to 

wetlands must be mitigated.  The mitigation, or replacement in kind, is required in 

order to maintain water quality downstream and must be carried out as near as 

possible to the associated impacts.  Quantification of mitigation is not based on 

water quality functions, but instead on acreage and ecosystem type: palustrine 

emergent (PEM), palustrine scrub-shrub(PSS) or palustrine forested (PFO).  

Typically replacement ratios (mitigated to impacted area) are applied at 1:1 for PEM, 

1.5 to 1 for PSS and 2:1 for PFO wetlands.  There is not a specified ratio, or even 

much discussion, of mitigation for palustrine open water (POW) wetlands and in fact 

they do not count towards mitigation goals even though they are regulated as 

wetlands and any impacts must still be permitted.  The assumption is that replacing 

the impacted area with the same type of wetland, within the same sub-watershed, 

will automatically fulfill the same water quality functions, as long as the wetland is 

functioning as such. 

It is this need for mitigation which drives the construction of many wetlands.  

From a regulatory standpoint it is assumed that water quality improvement is 

associated with saturated soils rather than with open water and in fact the US Army 

Corps of Engineers  defines wetlands as “transitional areas between open water and 

dry land” (USACE, 2011).  This is at odds with much of the published literature that 
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recognizes open water wetland systems as being most effective at reducing nitrate 

concentrations (Jansson et al., 1994). 

Wetlands are seen as being especially important in the context of the 

Chesapeake Bay watershed due to their ability to reduce nutrient loadings. While 

much is being done to control point sources of nutrient loading such as industrial 

discharges and sewage treatment plants, the greater threat today comes from 

nonpoint sources as they are much harder to locate, quantify and regulate.  One of 

the main sources of nonpoint loadings in central Pennsylvania is agricultural 

activities with chemical fertilizers and manure being the main culprits (US Fish and 

Wildlife Service, 2009).  In the context of improving water quality, the nutrient 

reducing capabilities of constructed wetlands in rural areas are of particular interest.  

This research presents an opportunity to compare the potential for nitrate load 

reduction between a recently constructed open water wetland and a natural 

emergent wetland, both of which are supplied by the same water source.  The study 

site, “Craig’s Marsh,” is located within the Burd Run watershed in Cumberland 

County, south-central Pennsylvania in the central portion of the Chesapeake Bay 

watershed (Figure 1), and consists of a natural emergent wetland together with a 

wetland constructed in 2005 for purposes of enhancing water fowl habitat with no 

specific intention to improve water quality (personal communication with Mary Craig, 

site property owner). This notwithstanding, the location of this wetland system in an 

area with high aquatic nitrate concentrations presents an opportunity to assess the 

effectiveness of the constructed wetland and compare it to an immediately adjacent 

naturally evolved wetland system.  The research examines nitrate concentrations, 
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precipitation, water flow and hydraulic retention time, water temperature, pH and 

specific conductance (SpC) with a view to quantifying the nitrate removal taking 

place within the wetland and the effect of the other parameters on that removal.  A 

full characterization of site hydrology is beyond the scope of this research, thus the 

comparison of the two wetland systems will largely be qualitative. 
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, 

 

Figure 1 – The Craig’s Marsh study area showing the location in Shippensburg, 
Pennsylvania within the lower Burd Run watershed and general context within the 
Chesapeake Bay watershed. 
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BACKGROUND and LITERATURE REVIEW 

Areas once negatively considered as swamps or marshes have more recently 

proven to be valuable resources that can fulfill many unique functions.  Positive 

wetland functions include flood control, sediment trapping, habitat and nutrient 

removal.  This research looks at the nitrate removal characteristics of a palustrine 

open water (POW) constructed wetland. 

As part of this research, the nitrate removal capacity of the nearby Hornbaker 

spring has been reviewed based on the work of Woltemade and Woodward (2008).  

In that study the inflow and outflow were monitored for two years to assess changes 

in nitrate concentrations through the wetland system.  The study found that hydraulic 

retention time, water temperature and inflow nitrate concentration all influenced rates 

of nitrate removal.  Over the course of the two year study, approximately 53% of the 

nitrate load was removed (Woltemade and Woodward 2008). 

Another area for comparison is the work carried out on Craig’s Marsh shortly 

after construction (Yearick, 2007).   That study provides a benchmark in terms of the 

evolving nutrient removal functions associated with Craig’s Marsh as well as 

vegetative succession.  During the seven-month study, it was found that 

approximately 60% of the influent nitrate was removed as the water passed through 

the wetland, with some seasonal variation. 

While plant uptake is an important process in wetlands, in terms of water 

quality improvement the most important process taking place within a wetland is 

denitrification.  This is a microbial process, taking place under anaerobic conditions, 
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in which nitrate is first transformed into nitrous oxide and then into atmospheric 

nitrogen; this process occurs primarily in open water (Jansson et al., 1994). 

The nitrogen oxides are broken down by bacteria that respire either N2 or N2O 

gas which is lost to the atmosphere.  As a result the nutrients are removed from the 

water (Zaman et al., 2008).  Many studies investigating the different nutrient 

reduction processes taking place within wetlands identify denitrification as the single 

most important process while recognizing that plant uptake and sediment storage 

also play a significant part in the process (Maltais-Landry et al. 2008).  The same 

authors identify the nitrate reduction process as a sequence of ammonification 

followed by nitrification and finally denitrification. 

Some of the parameters used for comparing nitrate removal include, where 

possible, hydraulic retention time (HRT), water temperature, specific conductivity 

and rainfall.  The extent of nutrient removal and/or storage may also be influenced 

by other factors such as spatial patterns of wetland sites (Li et al., 2002), inflow 

nutrient concentrations (Fisher et al., 2009), topographic position and timing of storm 

events (Inamdar et al., 2009) and historical isolation (Dunne et al., 2007).   One of 

the key variables influencing nutrient removal in wetlands is the relationship between 

wetland size and watershed size which governs hydraulic retention time 

(Woltemade, 1999).  HRT refers to the average length of time it takes the water 

flowing into a wetland to traverse the system and exit at the lower end.  Increased 

hydraulic retention times are typically associated with increased nutrient removal.  

Hydraulic retention times of one to two weeks appear to provide the most significant 

amount of nutrient removal in surface flow wetlands (Woltemade, 1999) although 
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Woltemade and Woodward (2008) noted significant nitrate reductions even with a 

hydraulic retention time of three to five days.  Fisher and Acreman (2004), Jansson 

et al. (1994), Nichols (1983), Reddy and D’Angelo (1997), Crumpton and 

Goldsborough (1998) and several others also note the key role of retention time in 

determining the extent of denitrification.  Yu, et al. (2006) created a dynamic model 

to evaluate nitrate removal efficiencies and noted that this would largely depend on 

discharge rates, with higher discharge rates providing shorter HRT and therefore 

less removal. 

While it is generally accepted that wetlands reduce nutrient loadings in the 

waters draining through them, this may not always be the case.  Fisher and 

Acreman (2004) noted that, based on their study of 57 wetland systems around the 

world, only about 80% accounted for nutrient reduction while the remaining 20% 

either exhibited no change or actually increased nutrient loadings.  Lacking specific 

data it is not possible to accurately determine the validity of these conclusions.  

Possible contributing factors include oxygen concentration, hydraulic retention time, 

hydraulic loading and vegetation processes (Fisher and Acreman, 2004).  This was 

a desktop study and based, in some cases, on inconsistent data in terms of wetland 

size and hydraulic loading; therefore there may be other influencing factors. 

There is also some evidence that recently constructed wetlands, especially in 

early to middle stages of succession, are more effective at removing nitrogen than 

fully established wetlands, although this may be more due to plant uptake rather 

than denitrification processes.  In many cases constructed wetlands which were not 

planted have proven to be at least as effective as those which were seeded with 
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wetland mixes (Mitsch et al.1998).  Jansson et al. (1994) studied nitrogen removal in 

open water wetlands within an agricultural context, a situation similar to Craig’s 

Marsh. The authors concluded that nitrogen removal in wetlands is mainly 

dependent on the denitrification process.  They also noted that, even though 

retention time is less than in an emergent wetland, ponds appear to be the most 

suitable type of wetland for nutrient removal. 

In a study of wetland dynamics McHale et al. (2004) noted that their study 

area presented little or no effect on nutrient removal specifically because it did not 

contain areas of standing water. 

In his evaluation of wetland functions and values, Kent (2000) identified 

nutrient cycling and transformation as key benefits of wetlands.  This study identified 

numerous possibilities for chemical export but is qualitative in nature and does not 

quantify the benefits associated with these processes. 

In their study of nutrient removal mechanisms in constructed wetlands 

Sakadevan and Bavor (1998) established a series of five identical constructed 

wetlands.  The five systems were characterized by different hydraulic loadings and 

retention times.  In all cases, the retention time was a key factor in determining 

nutrient removal and the results were used to develop a removal algorithm to be 

used in the design of treatment wetlands. 

Hammer and Knight (1994), on the other hand, focus more on alternating 

shallow and deep water zones within the wetland to optimize processes.  They also 

note that temperatures below 25o C are not optimal for denitrification, which could 

potentially present issues in a system driven largely by groundwater.  Kadlec (2007) 
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also examined the effect of different numbers of deep and shallow zones on wetland 

performance.  This study however found that deep zones had no effect on nitrate 

removal. 

A different approach to constructed wetland design was taken by White and 

Fennessy (2005).  In seeking to use GIS to determine suitable locations to construct 

or restore wetlands, they focused on environmental factors including soils, 

topography, land use, stream order and slope.  Part of the process also involved 

consideration of contributing watershed size which, indirectly, will also influence 

HRT. 

In 2008, Lin et al. examined the potential for nitrate removal in constructed 

wetlands under two different flow regimes.  In this scenario they used a free flow 

system and a subsurface flow system for comparison.  The study determined that 

the most important factor was hydraulic loading and that nitrate removal rates 

increased with higher nitrate loadings until a maximum value was reached after 

which the removal rates rapidly decreased.  There were differences in the final 

values for organic carbon and dissolved oxygen in the two discharges but the nitrate 

removal rates remained the same for both systems. 

In a laboratory study in 2003, Delaune and Jugsujinda examined the effect of 

residence time on denitrification of water from a wetland receiving diverted 

Mississippi River water.  They concluded that denitrification rates increased 

significantly for the first 3 to 5 days before slowly decreasing.  By day 16 the rates 

were non-detectable. 
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A different approach was taken by Zaman et al. (2008).  In this study nitrate-

rich water was injected into a series of piezometers within an emergent wetland and 

the nitrate levels measured over a 48 hour period.  The results noted significant 

decreases in nitrate levels over the first four hours after injection with the main 

comment regarding the suitability of the method for future studies. 

While the different studies noted above feature a number of different approaches to 

the issue of nutrient removal in wetlands there are some common threads to the 

discussion.  Many of the studies identify HRT as a key factor in nitrate removal while 

others approach the issue from the standpoint of flow regime or hydraulic loading, 

both of which are ultimately related to HRT.  Other variables examined include water 

temperature and water depth.  The common links in many of the articles reviewed 

are HRT, the presence of standing water and the identification of denitrification as 

the dominant process.  
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GOALS AND OBJECTIVES 

The primary goal of this research was to determine whether the constructed 

wetland system (Craig’s Marsh) is providing a significant improvement to 

downstream water quality.  A secondary goal was to compare the effectiveness of 

two very different wetlands (the adjacent constructed and “natural” sites) in terms of 

nitrate removal.  The main goal was broken down into the following research 

questions: 

1. Is the constructed wetland system improving water quality as measured by 

differences in influent and effluent nitrate concentrations? 

2. Is it possible to quantify the reduction in nitrate load, which requires data on 

both nitrate concentrations and discharge rates? 

3.  How does nitrate removal compare between the two wetlands? 

4. What is the general hydrologic pattern of the wetland system? 

5. What are the existing conditions within the study area in terms of vegetation 

composition, storage volumes and water surface levels? 

6. Can the storage volume of the constructed wetland be determined and used 

together with discharge data to calculate HRT? 

7. Is it possible to determine the influence of HRT on the rate of nitrate removal? 

8. Can the results be compared to a nearby wetland system in a similar context? 

 

Given the likely very complex nature of groundwater flows in the site, it was 

recognized that it might be difficult to calculate the load of nitrate being removed 
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from either the constructed and/or natural systems.  In this scenario, the data and 

any comparisons will refer to reduction in nitrate concentrations. 

An additional focus of this study was to examine water flows within the two 

wetland systems as possibly the most complex component of the research.  Many of 

the springs in and around Craig’s Marsh at one time supplied water to the stream 

flowing through the study area and, despite significant landscape alteration, it is 

likely that these processes continue.  In this context the intention is to generally 

characterize the major flow processes within the area and limit the scope to the 

basics necessary to assist with determining rates of nitrate removal through the 

wetland system.  This will include evaluation of water flows, precipitation and storage 

volumes. 

Results will also be compared to the work carried out by Yearick (2007), 

shortly after the wetland was constructed.  There is no intent to quantify the 

differences between the wetland system in 2007 and at the time of this study but to 

provide a qualitative inventory and review of the wetland succession over the past 

four years. 
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THE CRAIG’S MARSH STUDY AREA, SHIPPENSBURG, PENNSYLVANIA 

 

Craig’s Marsh is located on the Bill and Mary Craig farm northeast of 

Shippensburg in south-central Pennsylvania, between Burd Run and an unnamed 

tributary (Figures 1 and 2); the system consists of a natural emergent wetland and 

an adjacent constructed wetland.  The wetland is described as constructed rather 

than restored because what is there at present does not reflect conditions prior to 

the construction of the earth berm around the area.  While the pre-construction site 

likely met the criteria to be defined as a wetland, surface water was generally not 

present.  This wetland includes vegetated areas and shallow open water.  The 

natural wetland is located to the south, between the constructed wetland and the 

unnamed tributary (Figure 2).  Both wetland systems appear to have the same 

source(s) of hydrology, making a direct comparison potentially feasible and valuable. 

Based on early aerial photography (USDA, 1937 and 1958) and topographic 

mapping (USGS, 1923), it appears that this unnamed tributary was the main channel 

of Burd Run until sometime between 1937 and 1958 when the main stream channel 

was relocated further north to its present location (Figure 3). 
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Figure 2 – Site layout showing natural and constructed wetlands, NWI wetland, 
sampling sites, gauges and survey points.  “W” refers to monitoring sites, “R” refers 
to reconnaissance and supplementary data sites, “G” refers to gauge locations. 
(Contours in feet)  (Base map source: PAMAP, 2007)  For a larger version of this 
figure refer to Appendix 1. 

 

For purposes of this research, the unnamed tributary is considered as part of 

the natural wetland system.  This natural wetland is well established and is shown 

on the National Wetlands Inventory (US Fish & Wildlife Service, 2005) as a 

palustrine emergent wetland (PEM).  The new wetland was constructed in a 

historically very wet section of the Craig farm to enhance waterfowl habitat and it 

appears to fulfill that function very well with large numbers of ducks and geese using 

the site at different times of year. 

 



16 
 

 

Figure 3 – Portion of 1923 Shippensburg, Pennsylvania USGS quad map showing 
Burd Run in original location.  Current location is further north and can be seen in 
Figure 2.  Unnamed tributary now occupies the former Burd Run channel. 

 

The National Wetland Inventory (NWI) mapping is used to inventory and 

classify wetlands using the Cowardin Classification System (Cowardin et al., 1979).  

The wetlands on the NWI maps were identified from aerial photography, soil maps 

and other secondary source data.  They do not necessarily represent the only 

regulatory wetlands within a given area.  The NWI maps serve as a good first source 

to determine if wetlands exist within the given area and their general characteristics. 

The natural wetland boundary was delineated in accordance with the 1987 

Army Corps of Engineers Wetland Delineation Manual.  To identify a wetland using 

the Corps’ procedures, an area must exhibit hydric soils, wetland hydrology and a 

predominance of hydrophytic vegetation (USACE, 1987). 
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The study site is underlain by the Shadygrove Formation, a Cambrian age 

limestone containing springs and sinkholes (Geyer and Wilshusen, 1982) at an 

elevation of approximately 195 meters (640 feet) above sea level.  The topography 

is gently sloping to level and the main soil mapping unit present is the Melvin silt 

loam (Me), a nearly level, deep and poorly drained soil typically found in floodplains.  

The Melvin silt loam is listed as a hydric soil in the Cumberland County soil survey 

(Zarichansky, 1986), a soil type defined as “saturated, flooded, or ponded long 

enough during the growing season to develop anaerobic conditions that favor the 

growth and regeneration of hydrophytic vegetation.”  

The earlier aerial photographs do not appear to indicate agricultural problems 

with excess hydrology which appear in the 2003 aerial photography, although the 

hydric soils underlying the site make it likely that the area was already technically a 

wetland prior to any earthworks being carried out.   

The property owners indicated that the area was always very wet and that the 

drainage works carried out approximately 40 years ago were part of an unsuccessful 

attempt to convert the area for cropping purposes (Bill Craig, personal comment 

September 18, 2010).  Figure 4 shows the drainage ditches prior to construction of 

the wetland. 
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Figure 4 - Site of the constructed wetland in 2003, two years before construction.  
The drainage ditches and wet areas are visible in the center of this aerial photograph 
(Base map source: PAMAP, 2003). 

 

The creation of the constructed wetland at Craig’s Marsh involved only earthworks 

and any wetland vegetation present has generated naturally.  The natural wetland 

can be classified as a palustrine emergent (PEM) wetland based on the dominance 

of emergent rather than scrub/shrub or forested vegetation (Cowardin et al., 1979) 

while the constructed wetland can be defined as a palustrine open water (POW) 

wetland with a palustrine emergent (PEM) fringe. 

A construction plan for the wetland, prepared by the USDA Natural 

Resources Conservation Service in 2003, does not reflect the total area and shape 

actually constructed and is more useful for describing the intentions of the wetland 
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project than for documenting existing conditions.  See Appendix 2 for a copy of the 

plan. 

Yearick (2007) indicates that the constructed wetland is divided into a number 

of cells although the plans provided do not indicate these divisions.  While there are 

some remnants of these internal divisions visible, they no longer appear to be 

effectively separating the different cells from a hydrologic standpoint and there are 

now only two separate areas: the majority of the site now appears to be in one cell 

with a small higher cell near the inlet (Figure 2, Site G4).  These internal berms are 

soft, not continuous and appear relatively permeable when compared with the 

external berm which, as per the design plan, was mechanically compacted and 

sealed with three (3) layers of clay, each individually compacted prior to placing the 

next layer.  While it was originally assumed that some water from the constructed 

wetland would be flowing down through the berm into the natural wetland along the 

stream this is not necessarily the case and it is likely that the constructed wetland 

does not lose significant amounts of water. 

The vegetation has changed significantly in the past four (4) years; in 2007 

the constructed wetland was covered with what appeared to be a grass mix used for 

stabilization purposes (Yearick2007).  In 2010 - 2011 the site presented a wide 

variety of hydrophytic plant species and the only remaining grassed area is the top 

of the berm which is mowed on a regular basis. 

One of the key components driving the processes taking place within the 

wetland systems is water flow.  While the majority of the water entering both wetland 

systems appears to come from the unnamed tributary to Burd Run which flows 
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through a 1.2m diameter pipe under Route 11 immediately upstream of the site, 

there are numerous additional inflow sources potentially present.  In addition to a 

number of springs believed to be present, based on local knowledge, site 

reconnaissance and historic aerial photography, there are also potentially significant 

stormwater flows associated with the developed areas upstream of the Route 11 

culvert. Stormwater flows are of interest to this study only in terms of their 

contribution to total water flow through the wetland systems; no attempt was made to 

address stormwater retention, flood control functions, or water quality issues.  Very 

high flows associated with surface runoff due to storm events have the potential to 

alter HRT and denitrification. 

While most of the surrounding area and most of the lower Burd Run 

watershed can be described as agricultural and rural residential, the watershed 

which contributes flow directly to Craig’s Marsh is largely urban (with the exception 

of the farm on which the wetland is located).  Most of the water flowing into the site 

appears to come from springs with occasional contributions from urban stormwater.  

The watershed and recharge area for the springs is unknown and may include 

agricultural areas not immediately adjacent to the site. 

The constructed wetland covers approximately 1.0 hectares which is 

significantly less than the original design of approximately 1.2 hectares.  

Determination of the wetland size was made by digitizing the constructed wetland on 

the basis of current aerial photography and no exact planimetric survey was carried 

out.  The reasons for this difference are unknown but do not impact the present 

study.  The majority of this area is covered by water for most of the year with 
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approximately10% of the total being made up of berms or dikes.  All of the areas not 

generally under water are well vegetated with different species of hydrophytic 

vegetation including Jewelweed (Impatiens capensis), Small White Aster (Aster 

vimineus), Arrowleaf Tearthumb (Polygonum sagittatum), Joe Pye Weed 

(Eupatorium maculatum), Soft Rush (Juncus effusus), Cattails (Typha latifolia), 

Sedges (Carex spp.), Reed Canary Grass (Phalaris arundinacea), Water Cress 

(Nasturtium officinale), Pennsylvania Smartweed (Polygonum pennsylvanicum), 

Silver Maple (Acer saccharinum), Black Willow (Salix nigra) and Red Maple (Acer 

rubrum).  The majority of the vegetation is similar to the adjacent natural wetland 

and, given the lack of any wetland planting associated with the construction, the 

vegetation mix is likely due to migration and to any existing seed bank which 

remained in the soil prior to being drained. While many constructed wetlands are 

created in true upland areas, this one appears to be an enhancement to an existing 

wetland area and it is likely that a significant wetland seed bank was already present 

on site, leading to a more rapid natural colonization. 
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METHODS 

 

Water Sampling and Analysis 

Water quality data were collected between July 2010 and May 2011.Initial 

reconnaissance sampling was conducted at 11 locations on July 2, 2010 to 

determine the most suitable locations for long term sample collection (W1-5 and R1-

6 on Figure 2).  Determination of suitability was based on year-round access, water 

levels, observed flows and measured nitrate concentrations.  Sites were named 

according to their intended use with W sites referring to regular wetland monitoring 

sites and R sites referring to reconnaissance or occasional/supplementary sites. 

Based on the results derived from work accomplished on July 2, additional 

sampling was conducted on July 10, 2010 at the 5 core sites (W1 to W5),site R4, 

which presented very different results when compared to the other sampled sites, 

and a new site, called R7 (not previously sampled).  Site R7 was sampled because 

the water discharge there appeared to be coming from a much lower elevation within 

the constructed wetland, generating colder water than sampled at W2, although still 

much warmer than any sample taken at W1, W3, W4 and W5.  The main source of 

water at R7, aside from the discharge pipe, is from a seep in proximity to the high 

level water discharge from the pond.  Given that this appears to collect both any 

piped discharge and any water seeping from the pond, this site was selected for 

monitoring of total discharge from the constructed wetland.  It was expected to flow 

throughout the sampling period even during flow interruptions elsewhere. 
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Following the reconnaissance sampling, research sampling was conducted at 

sites W1 – W5 (Table 1 and Figure 2) weekly from July 24, 2010 until April 22, 2011, 

generally on the same day and at the same time every week.  A total of 37 sampling 

events were conducted at approximately 7:00 am on Saturday mornings, with Friday 

or Sunday used as alternates when necessary.   

 To ensure capturing a range of springtime flows, two more sampling events 

were conducted on May15, 2011 and May 22, 2011.  Data were not collected on 

January 1, 2011, February 5, 2011 and February 12, 2011. 

The two sites relating to the constructed wetland, W1 and W2, were 

positioned just inside the wetland, immediately adjacent to the inlet and outlet, to 

insure measureable water.  It is not likely that flow through the pipes affects nutrient 

levels.  It was expected that there would be a difference in nutrient concentrations 

between W1 and W2, possibly more during low flows due to increased retention 

time. 

Parameters targeted in the analysis were nitrate concentration, pH, water 

temperature, specific conductance, water levels and water flows.  The nitrate 

analysis was carried out in the laboratory (described below) while the other 

parameters were measured in the field concurrently with sample collection.  Air 

temperature and rainfall data were obtained from the Shippensburg University 

weather station located approximately 0.8kilometers west of the study area 

(http://webspace.ship.edu/weather/). 

 

 

http://webspace.ship.edu/weather/
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Table 1 -Water quality monitoring sites at Craig’s Marsh.  This table represents only 
the core monitoring sites. 

Site Number Description

W1 At the inlet of the constructed wetland (inside wetland)

W2 At the outlet of the constructed wetland (inside wetland)

W3
In stream tributary to Burd Run at a similar distance from 

Route 11 as W1

W4

At lower end of the natural wetland before dumping into a 

minor channel.  Sampling at W4 provides a “wetland nitrate 

level” as opposed to just measuring levels in the adjacent 

stream channel.

W5
In stream at the lower end of the natural wetland, near the 

boundary of the Shadygrove and Stonehenge formations.

 

 

 

Collection and Analysis 

Collection and analysis of water samples followed the protocols utilized by 

Woltemade and Woodward (2008) and Yearick (2007).  Grab samples were 

collected in triple rinsed Nalgene bottles and brought back to the laboratory 

generally within one hour of collection and analyzed for nitrate(NO3) as nitrogen. In 

instances when the time between sampling and analysis exceeded one hour, water 

samples were kept in a cooler at approximately 4oC.  Nitrate concentrations were 

analyzed using a Hach DR/2010 spectrophotometer using the cadmium reduction 

method (Hach Company, 1995).  Duplicate analyses were carried out for each 
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sample and the results averaged.  When results differed by more than 0.5 mg/l the 

analysis was run again.  For consistency, samples were analyzed both in sequence 

and concurrently to determine which method provided more consistent results.  After 

the first four weeks of testing, all samples were analyzed concurrently as this 

produced more consistent results.  To ensure accuracy, for each sampling and 

analysis event, a control sample was also analyzed, using standard solutions of 1 

mg/L, 5 mg/L and 10 mg/L nitrate. 

Water temperature, conductivity and pH were measured in the field using an 

HM Digital COM-100 meter for temperature and conductivity (+/- 2% accuracy) and 

an HM Digital PH-200 meter for pH (accuracy +/- 0.02 pH); both of these meters 

feature automatic temperature compensation. 

For part of the winter season it was not possible to collect samples from all of 

the monitoring sites leading to some instances of incomplete data.  When possible, 

data for the winter season were collected, analyzed and documented.   

 

 

Encountered Problems 

The spectrophotometer lamp was replaced and calibrated on July 23, 2010. 

Data for the period prior to July 23 are considered to be part of the reconnaissance 

investigation and are not included in the results of this study. 

A problem with the nitrate reagent sachets was discovered at the end of July, 

2010 when a number of results were found to be inconsistent.  Examination of the 

reagent sachets showed that a large number were empty, casting doubt on the 
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consistent amount of reagent provided in the remaining sachets and required a 

number of repeat analyses.  The manufacturer indicated that sachets would either 

be full or completely empty, allaying any concerns over reduced dosages of reagent. 

Another issue was related to anomalous readings for the first sample tested 

each day, which was due to a film left on the sample bottles following rinsing with tap 

water the previous week; rinsing the bottle prior to the first test appeared to eliminate 

this problem.  No samples were affected as the first sample was re-run for the first 

four weeks until the bottle rinsing provided a level of confidence in the data. 

In early to mid-September, 2010the pH meter began presenting anomalous 

readings for the higher pH levels typically encountered at site W2.  After multiple 

readings of approximately 9.40 on September 11, 2010 the meter was recalibrated 

and appeared to be working properly.  On October 2, 2010 the meter would not 

calibrate so no readings were taken on that day.  The following week the meter was 

tested and replaced by the manufacturer.  On this basis, the pH readings for the 

period from September 11 to October 9, 2010 have the potential for inaccuracy even 

though there do not appear to be any major inconsistencies.  Seasonal issues with 

sampling included a lack of flow at the upstream end of the system on September 

24, 2010, from October 31 to November 20, 2010 and from January 9 to February 

26, 2011, and extensive ice covering the constructed wetland throughout much of 

the winter.  While it was possible to open a hole in the ice from December 26, 2010 

until January 15, 2011 and collect a sample approximately 10 meters east of site W2 

(Figure 5), this was discontinued for safety reasons when the water surface was no 
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longer supporting the ice.  Sample collection recommenced at site W2 on March 6, 

2011 when the ice was completely melted. 

 

Figure 5 - Sampling site W2 alternative location through January 15, 2011 

 

Surveys, Mapping and GIS 

A topographic survey was carried out on August 15, 2010 using a Topcon AT-

G2 Autolevel to map differences in elevation and determine potential flow paths for 

shallow groundwater and possibly for surface water during storm events.  

Planimetric data were obtained from 2007 PAMAP aerial photography (Pennsylvania 

DCNR, 2007) and elevations were determined using Survey Station B (Figure 2) as 

a base at an arbitrary elevation of 100 feet. 

As the survey rod used was in feet and 100ths, imperial measurements were 

used for all survey work and later converted to metric units for consistency.  The 

contours displayed on several of the figures, obtained from the PAMAP program, are 
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in feet and are labeled as such.  These contours have been used solely for display 

purposes. 

During the dormant season, when terrain features were more readily visible, a 

more detailed wetland delineation and site survey were carried out – mainly to 

determine elevation differences, comparison of emergent versus open water areas 

and flow volumes.  The purpose of the delineation was to determine the extent, 

nature and stage of succession of the wetlands which will be useful for comparison 

purposes. 

A bathymetric survey was carried out on May 15, 2011 and the resulting data 

were utilized together with the earlier survey to create a three dimensional model of 

the constructed wetland in order to calculate the total water volume contained  

relative to water surface elevations.  This was a fundamental component of 

calculating HRT.  The majority of the points used in constructing this 3D model were 

measured using a 6 foot staff from a canoe in the late spring when water levels were 

near their highest values. In certain areas where access by canoe was not safely 

possible, interpolation of points was done based on dry season photographs.  The 

water depths were tied to elevations measured on gauges which had been 

previously surveyed and the water depths converted to elevation data based on the 

arbitrary site datum of 100 feet.  While there may be some small local inaccuracies, 

the overall model is considered representative of site conditions. 

With the exception of the stream cross sections utilized to calculate flow 

volumes, all mapping, area calculations and volumetric calculations were carried out 

using ArcGIS Desktop Version 10 (Environmental Systems Research Institute, 
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2010).  The stream cross sections were drawn in AutoCAD (Autodesk) and weekly 

cross-sectional areas calculated based on measured water surface elevations. 

While the marsh may have originally been designed to contain a number of 

different cells, there is now direct water communication throughout most of the lower 

area and this was all treated as one cell for volumetric purposes. 

Data from the elevation and bathymetric surveys were combined to derive 

three triangulated irregular network (TIN) surfaces: one overall surface for display 

purposes, one lower surface for the majority of the marsh and one upper surface for 

the area surrounding the inlet to the marsh.  These last two surfaces were used in 

calculating differences in water volumes with the results being combined to provide 

total volumes.  Elevations were recorded in imperial measurements due to the 

equipment available however all final volumes, areas, and flows, are reported in 

metric units. 

Once the surfaces had been created in ArcGIS boundaries were also digitized 

for the upper and lower surfaces.  These boundaries were assigned elevations 

based on the weekly measurements and then used to calculate weekly volumes 

using the Polygon Volume tool in the 3D Analyst Toolbox. 

Having no way to estimate the volume of water contained within the natural 

wetland, no attempt was made to calculate HRT for this portion of the site. 
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Site Hydrology 

The surface watershed contributing to the wetland was initially determined 

from 2-foot contours obtained from the PAMAP program (Pennsylvania DCNR, 

2007) together with the Borough of Shippensburg Storm Sewer System map (ARRO 

Engineering, 2008) (Appendix 3).  Unfortunately, the storm sewer map was 

incomplete and out of date and was therefore used for general information purposes 

only.  Once the surface watershed had been determined it was field verified prior to 

creating a USDA-TR-55 runoff model (USDA, 2004).  Following the field 

investigations the watershed boundary was refined to exclude the commercial areas 

south of the Norfolk Southern rail line.  This commercial area is nearly flat and all of 

the development in this area is serviced by on-site stormwater detention basins 

which have the effect of mitigating peak storm flows. The area along the rail line was 

walked during a heavy rainstorm and there was no evidence of water flow under or 

through the rail line in this area. 

With the exception of the constructed wetland itself, surface flows into and 

through the site are very complex with three main flow paths present.  These three 

paths are shallow flow to the constructed wetland inlet, shallow flow through pockets 

of natural wetland and swales and flow along the unnamed tributary towards gauge 

G2 (Figure6).  This complexity, together with weekly rather than continuous level 

monitoring, limits evaluation of the surface water flows to the constructed wetland to 

qualitative description.  The main watercourse supplying the study area crosses 

under SR 11 in a 1.2 meter  diameter concrete pipe and from there flows mostly 
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along the stream channel with smaller amounts diverting into the constructed 

wetland and/or a low area between the two.  The distribution of these flows appears 

to vary according to water depth, vegetation density and possibly other parameters.

 

Figure 6 - Observed flow patterns through the constructed and natural wetland 
systems.  The extent and location of these flows varied throughout the study period 
depending on seasonal flows. 

 

TR-55, a simple storm event rainfall-runoff model, was used to analyze flows 

from the contributing surface watershed with 24 hour rainfall data obtained from the 

Shippensburg weather station.  Initially all rainfall events during the sampling period 

were modeled however it was found that rainfall of less than 15.25mm (0.6”) did not 

produce runoff, thus precipitation events smaller than this threshold were ignored in 
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the final analysis.  In order to create the necessary input for TR-55, land uses for the 

contributing watershed were digitized from aerial photography and combined with 

soil survey data to arrive at a curve number of 80 for the 73 ha (180 acre) 

watershed.  It was assumed that flows followed a pattern of 30 m (100 feet) of sheet 

flow over grass, 120 m (400 feet) of shallow concentrated flow over pavement and 

the remainder through a concrete channel.  Slopes were assumed to be 0.01 m/m. 

With a view to documenting water flows through the site, staff gauges were 

placed in five locations throughout the study area to monitor water surface 

elevations (Figure 7 and Table 2).  

 

Table 2 - Water surface elevation monitoring sites at Craig’s Marsh.  G4 and G5 
were expected to provide useful data throughout the study period however, due to 
weather conditions, water was often not present at these locations. 

Site Number Description

G1 On the downstream side of the Route 11 bridge

G2 Along stream channel adjacent to W3

G3 Along stream channel adjacent to W5

G4 At the inlet of the constructed wetland (inside wetland)

G5 At the outlet of the constructed wetland (inside wetland)
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Figure 7 - Location of staff gauges placed on site and surveyed to aid in determining 
water surface elevations and flow volumes. 

 

Stream cross-sections were surveyed on July 18, 2010 at the locations of 

gauges G1, G2 and G3 to enable quantification of stream discharge.  The stream 

cross-sections were brought into AutoCAD and tied to the elevation of the staff 

gauges.  In this way, a given water surface elevation on a staff gauge corresponds 

to an equivalent stream cross-sectional area.  A similar process was used to 

determine cross-sectional area of the influent and effluent pipes. 

It had been planned to create rating curves for the stream channel based on 

the above data.  Given the variations of in-stream vegetation cover throughout the 

year (and associated variations in stream channel roughness coefficients) it was not 
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possible to do this and actual flow velocities were measured during each sampling 

event (Figure 8).  Velocity was measured at multiple points across the channel to 

obtain an average flow velocity. 

 

 

Inflows and outflows to the constructed wetland were measured weekly at the 

discharge pipes.  It had been hoped to use a small V-notch weir at the end of the 

discharge and inflow pipes, however this was not feasible due to the trash racks 

installed and the high variability in flow elevations.  During very low flows, water 

discharging from the pipes was collected in a 500ml bottle and the time to fill was 

recorded.  During higher flows the Velocity Head Rod method was utilized (Martin, 

2006).  This works on the principle that an increase in head is equivalent to an 

increase in velocity in an open channel or pipe.  This method was also used in open 

channels where suitable.  When neither of these options was appropriate, the time 

necessary for a sponge to travel between two known points along the channel was 

Figure 8 - Seasonal vegetative conditions immediately upstream of gauge G3 and 
sampling point W5.  Both pictures are taken from the same location.  Figure (a) 

shows late winter conditions while (b) shows late spring conditions. 

(b) (a) 
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recorded and used to quantify flow in conjunction with cross-sectional area.  This 

last method is not suitable for piped discharges. 

During the site reconnaissance it was noticed that there are two discharge 

pipes from the constructed wetland.  At that time only the “low-flow” pipe had any 

discharge while there was evidence of seepage around the “high flow” pipe but no 

flow from the pipe itself.  The total discharge at that time appeared to be significantly 

less than the inflow to the wetland system, however after the reconnaissance 

monitoring events the high flow pipe was often the only one with an active discharge.  

Given that the low flow pipe is equipped with an “AgriDrain” adjustable water level 

control device, it was assumed that the outlet level had at some point been adjusted 

up or down.  This was later confirmed by the property owners who agreed to leave 

the AgriDrain in the upper position for the remainder of the project in order to aid in 

obtaining consistent data.  The only outflows affected were those during the 

reconnaissance period.  

Measurement of discharge at R7, which flowed continuously throughout the 

monitoring period, made it possible to calculate HRT for the constructed wetland.  A 

water budget calculation was carried out using the Thornthwaite method to 

determine evapotranspiration (ET) for the constructed wetland and this was taken 

into account when calculating HRT (Appendix 5).  Given the variety of different flows 

present through the natural wetland, site hydrology is too complex to allow 

calculation of HRT for this portion of the site. 

HRT is generally defined as the length of time it takes for water to pass 

through a given system and is obtained by dividing the total volume by the flow rate 
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through the system.  To determine HRT the total wetland storage volume was 

calculated based on water surface elevations and, at the time of each monitoring 

event, the volume was divided by the measured outflow to obtain an average 

residence time.  Given that outflow from the system was the only constant flow 

throughout the year, the flow at site R7 (Figure 3) was used in calculating HRT. 

Volume (m3) / Outflow (m3/day) = days HRT 
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RESULTS AND DISCUSSION 

Seasonal Weather Conditions 

The weather conditions for the 2010-2011 study period present significant variations 

when compared with Shippensburg historical weather data (Figure 9).  This is 

especially true for the winter: average temperature, average low temperature, 

average high temperature and precipitation were all lower than average while 

snowfall was higher than average.  Craig’s Marsh was frozen for an extended period 

during 2010-2011, with water levels continuing to drop over the winter. 

Given the difficulties with winter sampling, total nitrate reduction was only 

quantified for summer, fall and spring monitoring periods for, a total of 32 sampling 

events. 

For the calculation of nitrate reduction through the constructed wetland a 

number of factors and variables were considered.  Because there was frequently a 

lack of flow at both W1 and W3 due to the seasonal conditions present, it was 

therefore necessary to utilize as much reliable, available data as possible.  In this 

case, given that on five (5) occasions when W1 was dry, there was active flow at 

W3, the possibility of using the W3 data as a proxy for site W1 was examined.  In an 

average year this might not have presented the same necessity but seasonal 

conditions for this research varied significantly from average conditions and the 

number of samples available for comparison was limited. 
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Figures 9a, 9b and 9c - Study period temperatures (2010 – 2011) for Shippensburg, 
Pennsylvania compared to historical averages 
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Figures 9d and9e - Monthly precipitation and snowfall totals for Shippensburg, 
Pennsylvania 

 

W1 and W3 were selected as initial monitoring points for the two systems 

(constructed and natural) as they appeared to be fed by the same water source and 

were located at the same distance from the entry point to the site (the culvert at 

Route 11).  Accordingly the recorded data for the two sites were examined for 

consistency.  The average values for nitrate, water temperature, pH and SpC are all 

very similar (Table 3) and it was determined that the data for the 5 weeks in question 

could also be used for W1.  Failure to use these data would have further restricted 

the dataset. 
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Table3 - Comparison between different parameters measured at sites W1 and W3 
over the entire study period.  The similarities in the data recorded indicated that it 
was suitable to extrapolate the data from W3 to W1 where, due to a lack of flow, an 
additional five weeks of data were missing. For each parameter the average for each 
site is shown together with the range of monitored values.  The last column presents 
the difference between average values. 
 

Parameter W1 W3 Difference

Water 

Temperature (Co)
11.64 (6.6 - 14.8) 11.71 (5.1 - 14.7) 0.07

pH 7.34 (6.93 - 7.73) 7.41 (6.98 - 7.78) 0.07

SpC ( s) 579.41 (338 - 809) 581.69 (332 - 704) 2.28

NO3 (mg/l) 4.55 (2.7 - 5.2) 4.44 (2.65 - 5.35) 0.11
 

 
 

Stormwater 

In order to determine the potential runoff volumes and discharges at gauge 

G1, the contributing watershed was determined based on 0.6 m (2 foot) contours 

(PAMAP, 2007) and site reconnaissance during major rainfall events.  This is an 

approximately 73 ha surface watershed located on the eastern side of 

Shippensburg, Pennsylvania which consists of several commercial premises 

adjacent to suburban residential areas (Figure 10). 



41 
 

 

Figure 10 – Surface watershed contributing to Craig’s Marsh.  This delineation is 
based on 0.6 m (2 foot) contours (PAMAP, 2007) and site observations during 
significant rainfall events. 

 

Storm flows have the potential to dilute the influent groundwater and lead to 

inconsistent nitrate removal results.  Based on the data collected (Figures 11 and 

12), it appears that runoff associated with storm events has little or no influence on 

the water supply to the constructed wetland with the exception of one instance noted 

below. 

During the August 15, 2010 survey, relative elevations were determined with 

a view to correlating the water surface elevations at gauge G1 and gauge 

G4/monitoring site W1 to determine the distribution of storm flows into the 
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constructed wetland.  The analysis failed to highlight any direct relationship between 

flow at gauge G1 along the creek and inflow to the constructed wetland at point W1. 

Flows above 14 l/second at G1 provide active flow at W1 (Figure 11), but the 

proportion of the higher flows which enter the constructed wetland varies from 0.5% 

to 30% of the total flow with no direct relationship to the actual flow volume, making 

it impossible to draw any quantitative conclusions.  Antecedent precipitation was 

also compared to inflows with no predictable relationship observed (Figure 12). 

 

Figure 11 - Comparison of flows in the stream channel at gauge G1, downstream of 
Route 11 bridge, and at inlet to constructed wetland (site W1).  There is much more 
variability to the flows in the stream channel than at W1, which indicates that the 
majority of storm flows in the channel do not make their way into the constructed 
wetland. 
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Figure 12-Comparison of antecedent precipitation and inflows to constructed 
wetland at sampling point W1.  Antecedent precipitation refers to precipitation since 
the last monitoring event, nominally 7 days, and includes the day of the previous 
monitoring event. While there is a trend to higher inflows following higher rainfall 
these data present significant variability and little possibility of predicting increased 
flows on the basis of rainfall. 
 

At this point, all that can be said is that significant rainfall events (>15mm) do 

contribute to an increase in stored volume for the constructed wetland, however, 

there is no direct relationship between higher rainfall and the largest stored volumes 

in the constructed wetland (Figure 13).  All stored volumes above 5000 m3 appear to 

follow periods with less than 100 mm of antecedent precipitation.  It is worth noting 

that low stored volumes are however associated with low antecedent precipitation; 

again this exact relationship is difficult to quantify. 
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Figure 13 – Comparison of total stored volume with antecedent precipitation.  
Keeping in mind the volume generated by direct rainfall on the constructed wetland, 
there is little to quantify the amount of inflow due strictly to storm runoff.  For weeks 
with greater than 60mm of antecedent precipitation, the constructed wetland is 
usually nearly full although, given that the majority of these events are during the 
spring/summer when groundwater flows are also likely to be high, it is difficult make 
a definite connection. 

 

Comparisons were also drawn between antecedent rainfall and influent nitrate 

concentrations as significantly lower nitrate concentrations following heavy rain 

would point to a larger proportion of storm water runoff in the influent to the 

constructed wetland. 

The largest recorded rainfall event for the study period was reviewed in order 

to quantify the maximum amount of stormwater runoff potentially entering the 

constructed wetland.  The highest 24-hour rainfall was 78 mm recorded on 
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September 30, 2010; this value, combined with rainfall during the rest of the week, is 

the reason that the October 2, 2010 monitoring event had the highest antecedent 

precipitation of the study period at 135.6mm.  The volume of water contained in the 

constructed wetland was 556 m3 on September 24, 2010 and 4879 m3 on October 2, 

2010 following this period of heavy rain, an increase of 4323 m3.  Of this total 

increase it can be assumed that, for a wetland surface area of one hectare (10,000 

m2), direct rainfall contributed 1356 m3 leaving 2967 m3 due to inflow.  The 

calculated runoff associated with this period (TR-55 results from both storm events 

on September 27 and 30, 2010) amounts to a total of 28,703 m3 or almost 10 times 

the amount of the increased volume. 

If the increase in wetland water volume was due solely to stormwater, the 

sampling results should present significant variations in pH, specific conductivity and 

nitrate levels over the following weeks as the additional water flushed through the 

system.  While there are some minor variations, they do not appear to be significant.  

Compared to the week prior to this event, the nitrate concentrations actually 

increased by 0.02 mg/l while SpC decreased from 636 s to 603 s; both of these 

differences are very small and not likely to be indicative of any major change in 

water quality.  For the week of October 2 it was not possible to measure and 

compare pH levels due to equipment issues.  HRT range for the following two weeks 

went from 5.4 to 28.7 days, neither of which are extreme values in this dataset.   

Given the “flashy” nature of the urban watershed, the lack of any significant 

relationship between flows at G1 and W1, and the generally stable nitrate 

concentrations, pH and SpC found at the inlet to the constructed wetland, it can be 



46 
 

assumed that stormwater flows have only a minimal influence on the constructed 

wetland.  If there were a significant influence it would be necessary to conduct much 

more detailed research (such as continuous flow monitoring) in order to quantify this 

contribution.  Modeled stormwater discharges (Figure 14) are of brief duration and 

do not appear to make a significant contribution to the overall hydrology of the 

wetland system.  On the basis of the above, the TR-55 analysis of stormwater flows 

was useful to determine the lack of any significant hydrologic influences on the 

constructed wetland due to storm runoff but is of little use for determining flows into 

the system.  Results for the TR-55 analysis are presented in Appendix4. 

 

Figure 14- Stormwater discharges at gauge G1 modeled with TR-55.  While there is 
a strong relationship between rainfall and peak discharge, there is no way to reliably 
tie these flows to constructed wetland inflows.  Note that the data set includes all 
precipitation events >15mm for the study period of July 2010 – May 2011. 
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Separate Hydrologic Systems 

Initial research indicated that the groundwater flows for the natural and 

constructed wetland systems are mostly separate.  A series of water temperature 

tests on October 2, 2010 showed that water coming from seeps at the toe of slope 

along the south side of the berm (sites R3, R4, A, B and C on Figure 2) was much 

colder than water in the adjacent constructed wetland (average of 11.4oC vs. 15.9oC) 

and is in fact colder than the water coming onto the property at gauge G1 (12.8oC), 

leading to the conclusion that these seeps are spring-fed.  Several later temperature 

comparisons provided similar results leading to the conclusion that there is only 

minimal, if any, cross-flow between the two systems (Figure 15). 

In addition, the wetland construction plan (NRCS, 2003) calls for mechanical 

compaction of three (3) clay layers for the berm making any significant seepage 

unlikely.  Numerous site inspections at different times of year noted no seepage 

through the berm, with the exception of the seep around the outlet pipes feeding into 

the channel downstream of the constructed wetland. 
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Figure 15 – Temperatures shown were recorded on October 2, 2010 and confirm 
that water in the natural system is much colder than the water in the constructed 
wetland, meaning that any potential cross flow is minimal if present at all. 

 

During a number of sampling events the flow at R7, which includes piped 

discharges as well as any seeps, was significantly greater than the inflow at W1 

indicating that the constructed wetland is draining down during those periods; this is 

consistent with calculated volumes for the same periods.  Despite the differences in 

elevation and based on water temperature comparisons between the two systems, it 

is not likely that the constructed wetland is losing a significant volume of water to the 

adjacent natural wetland. 
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Hydrology 

Water flows across the two systems differ quite significantly over time with the 

natural system discharging approximately 20 times the discharge from the 

constructed wetland (Figure 16).  The discharge of the natural wetland system was 

quantified, but the inflow cannot be precisely defined; the inflow values above refer 

to measurements taken at sampling site W3.  The inflow and outflow of the 

constructed wetland were both quantified as part of this research. 

 

Figure 16a – Constructed wetland:  Average inflow is6.7 l/s (range:  0.1 – 31 l/s) and 
the average outflow is 5.5 l/s (range 1.4 - 29 l/s).  Note that there are many weeks 
when there is no inflow to the constructed wetland while there is outflow for the 
system during the entire monitoring period. 
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Figure 16b – Natural wetland:  Average flows for the system are 34 l/s inflow and 
111 l/s outflow with ranges of 0.1 to 152 l/s and 31 to 498 l/s respectively. Note 
difference in scale (100s of l/s compared to 10s l/s for the constructed site). 

 

The natural system discharges, on average, more than twice the inflow at W3, 

likely due to several springs as well as bypass flow feeding the system.  This refers 

to flow downstream of Gauge G1 which is leaving the stream channel prior to 

sampling point W3 but is not entering the constructed wetland nor is it re-entering 

the stream channel at this point (Figure 7).  Given its location at a topographical 

“pinch point,” the stream in proximity to sampling point W5 collects all of the outflow 

from the natural wetland area and the tributary stream.  The nitrate concentrations at 

this location reflect levels which come largely from bypass flows downstream of G1 

as well as springs within the natural wetlands (Figure 6).  Random water samples 
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taken at a number of seeps or springs within the natural wetland all present nitrate 

levels similar to those present at the inflow (G2) to the system; this makes it unlikely 

that dilution is taking place as water flows through the system.  Even without 

quantifying all of the flows it can be said that average nitrate concentrations at this 

discharge point are lower than upstream levels, even during extended periods with 

little or no rain, leading to the conclusion that nitrate reduction is occurring 

Based on measured water surface elevations and site reconnaissance, the 

constructed wetland appears to be divided into an “upper” section (elevation 

measured at gauge G4) and a “lower” section (elevation measured at gauge G5) 

(Figure 2).  Storage volumes were calculated separately for the two sections and 

then combined (Figure17). 
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Figure 17 - Elevations for constructed portion of wetland determined from site 
surveys.  This data was used to calculate variations in volume contained in the 
constructed wetland over the course of the study period. 

 

Improving Water Quality 

The first research question addresses whether the constructed wetland was 

improving water quality based on differences in influent and effluent nitrate 

concentrations.  Nitrate concentrations significantly decrease between the inflow and 

outflow of the constructed wetland (Figure18).  Data presented below on the total 

nitrate removed only refer to the summer, fall and spring seasons, when regular 

sample collection was possible. 

 

Figure 18- Nitrate concentrations at inflow and outflow of the constructed wetland. 
Results are fairly consistent throughout the summer, fall and spring seasons.  The 
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results are interrupted through most of the winter due to a lack of inflow and frozen 
water surface.  Growing season in Cumberland County is April through October 
(Zarichansky, 1986). 

  

The constructed wetland influent nitrate concentration averaged 4.45 mg/l for 

the study period and average removal was 2.36 mg/l (53.0%).During the first spring 

flush in early March there appeared to be minimal nitrate removal however this soon 

stabilized and increased as the warmer season commenced.   

Reduction in Nitrate Load 

The second research question addresses quantifying the reduction in nitrate 

load.  It is possible to estimate nitrate removal within the constructed wetland over 

the monitoring period by comparing inflow and outflow nitrate concentrations (Figure 

19).  The amount of nitrate reduction ranges from 0.25 mg/l to 4.4 mg/l (with one 

exception explained below). 

Total nitrate removal within the constructed wetland equates to approximately 

201 kg for the 10 month monitoring period.  This is based on weekly measurements 

of nitrate concentrations combined with outflow rates measured from the constructed 

wetland.  The reductions in nitrate concentrations reported represent instantaneous 

measurements but are assumed to be valid for an entire week.  Extrapolating the 

results of the sampling period (less than 62% of the year) to the full year a 

conservative estimate is that at least 300 kg of nitrate per year are being removed 

from the constructed wetland.  Given that half of the missing data is in the late spring 

to early summer season, when nitrate removal is high, the actual annual nitrate 
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removal may be much higher than 300 kg. The missing data amount to 10 weeks in 

the winter and 10 weeks in spring/summer. 

 

 

Figure 19 - Comparison of changes in nitrate concentration between influent and 
effluent for the constructed and natural wetland systems. 

 

Nitrate reduction in the natural wetland was also calculated by comparing 

system inflow with system outflow.  The influent nitrate concentration averaged 4.44 

mg/l for the study period and average removal was 0.31 mg/l (7.0%). 

The percentage nitrate removal is much less for the natural wetland than the 

constructed wetland, however the volume of water passing through the natural 

system is much greater, with an average discharge of approximately 111 l/s resulting 
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in a total reduction of approximately 730 kg for the monitoring period (32 weekly 

sampling events, assuming the measured reduction is constant for the entire week).  

Extrapolating the collected data to a full year indicates, at least 1000 kg/year of 

nitrate removed in the natural wetland system.  This reflects the study period, with 

the specific climatic conditions present, and may not be representative of long term 

averages. 

One weekly sample is contrary to all others and indicates a nitrate increase of 

0.4 mg/l across the constructed wetland for the March 6, 2011 sampling event 

(Figure 19).  Given that it was raining heavily at the time of the collection, the stored 

volume was only approximately 20% of maximum volume, and a total of more than 

50mm of rain fell on the area that day, it is likely that much of the flow at W1 was 

diluted by runoff.  For the sample at W2, it is likely that the runoff had not yet made it 

through to the end of the wetland system and this sample still contained a greater 

proportion of groundwater.  This is consistent with the nitrate concentrations 

measured at W1 and W3 that day: 2.70 mg/l and 2.65 mg/l respectively are the 

lowest influent readings recorded for the entire project.  Given that this was the only 

instance of any significant variation in the nitrate concentrations present in influent 

water at W1, it is safe to assume that significant rainwater contributions are rare and 

that such events do not require separate consideration. 

There does not appear to be any relationship between rainfall and influent 

nitrate concentrations, indicating that the majority of the influent consists of 

groundwater (Figure 20). 
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Figure 20 - Inflow nitrate concentrations, at sampling point W1, compared to 
antecedent precipitation.  In this case antecedent precipitation refers to precipitation 
since the last monitoring event, nominally 7 days, and includes the day of the 
previous monitoring event. 
 

There is also no apparent connection between rainfall and pH or SpC 

(Figures21 and 22), leading to the conclusion that the dilution effects on influent 

groundwater due to storm runoff into the constructed wetland are minimal.  Given 

that the pH of rainwater in this area is between4 and 5 (Boyer et al., 2010), it would 

be assumed that pH levels in the constructed wetland would drop significantly if 

substantial volumes of storm runoff entered the system.  While there does appear to 

be a slight downward trend, the lowest pH values are above 6.9, indicating minimal 

dilution.  In a similar manner, it would be expected that specific conductance values 

would also decrease due to large volumes of stormwater, however this is not the 

case.  If anything there is a slight trend towards increased values in correspondence 

with greater antecedent precipitation. 
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Figure 21- Inflow pH, at sampling point W1, compared to antecedent precipitation.  
Antecedent precipitation refers to precipitation since the last monitoring event, 
nominally 7 days and includes the day of the previous monitoring event.  There is no 
value for the October 2, 2010 monitoring event (135 mm antecedent precipitation) as 
there was no pH level for comparison due to equipment malfunction. 

 

 

Figure 22 - Inflow specific conductance, at sampling point W1, compared to 
antecedent precipitation.  Antecedent precipitation refers to precipitation since the 
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last monitoring event, nominally 7 days and includes the day of the previous 
monitoring event. 
 

To put this research into a local context, the results were compared to similar 

work at Hornbaker Spring, located approximately 800 m northwest of Craig’s Marsh 

(Figure 1), in which Woltemade and Woodward (2008) examined variations in 

nitrate-nitrogen removal as a function of changing hydrologic conditions.  Many of 

the same parameters were examined for the constructed wetland, specifically water 

temperature, pH, conductivity and HRT. 

While HRT is typically seen as one of the main influences on nitrogen 

removal, in the case of the constructed wetland at Craig’s Marsh the average HRT 

was much longer than at Hornbaker Spring; approximately 14 days compared to 2.2 

days for Hornbaker Spring.  The main difference is that the maximum stored volume 

at the Hornbaker site is less than 20% of that at the Craig’s Marsh constructed 

wetland, and this may affect HRT and thus denitrification rates. 

For Craig’s Marsh, the overall relationship between HRT and nitrate reduction 

for the constructed wetland, while present, is not as pronounced as that encountered 

for Hornbaker Spring (Figure 23).  One possibility is that, once a specific residence 

time threshold is exceeded, the HRT becomes a less important influence on nitrate 

removal efficiency.  In the figures below it can be seen that for periods of up to two 

weeks there appears to be a strong relationship between HRT and nitrate removal.  

Once the HRT exceed two weeks there appears to be very little difference in the 

average amount of removal; if anything there may be a slight decrease in the 

amount of nitrate removal for these longer periods.  On this basis it is likely that by 

manipulating the discharge from the constructed system to maintain a maximum 



59 
 

HRT of 14 days, it should be possible to significantly increase the volume of water 

flowing through the system and therefore the total amount of nitrate removed. 

 Average removal for HRT of less than 7 days is approximately 1.8 mg/l, 

average for HRT of 7 to 14 days is approximately 3.0 mg/l and average for HRT >15 

days is approximately 2.7 mg/l.  This last result includes removal of the two outliers 

(HRT = 17 and 36 days) following the first spring flush when the constructed wetland 

was filling up rapidly but had virtually no outflow.  In this case the minimum HRT at 

the Craig’s Marsh constructed wetland is approximately equal to the average HRT at 

Hornbaker Spring; in fact, there are only three occasions where the HRT at Craig’s 

Marsh is less than the maximum HRT at Hornbaker Spring (3.3 days). 
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Figure 23- Nitrate removal rates compared to HRT.  Results have been highlighted 
for 0 to 7 days and for 7 to 14 days.  Review of HRT and nitrate removal rates for the 
constructed wetland indicates a strong relationship for periods of up to two weeks 
with a significantly reduced influence for longer periods. 

 

The two sites are very similar with regard to the amount of nitrate reduction: 

over two years the wetland at Hornbaker Spring removed 53% of the nitrate entering 

the system.  The constructed wetland at Craig’s Marsh removed the same 

percentage of nitrate during the monitoring period (53%) despite having much longer 

HRT.  It should be noted that the inflow to Craig’s Marsh contains a lower 

concentration of nitrate (average 4.45 mg/l) than Hornbaker Spring (average 7.89 

mg/l). 

The seasonal pattern of removal was also similar, with higher rates of 

reduction occurring in the warmer months, with warmer water temperatures (Figure 

24).  In spring and fall there appears to be a lag between changes in water 

temperature and changes in nitrate removal rates, with very slow response in the fall 

and much quicker response in spring.  It is assumed that this difference in lag times 

is related to the population and activity level of denitrifying bacteria, which would be 

well-established in the fall but not yet so in the spring. 

These seasonal patterns also confirm that plant uptake is not the main cause 

of nitrate removal as high removal rates are present through October, November 

and December when plant growth is minimal.  Similarly, removal rates remain low 

through April when plants are growing vigorously in this context.  
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Figure 24- Nitrate removal across the constructed wetland compared to water 
temperature at outlet of constructed wetland (W2). 

 

A 2006-2007 study of nitrate removal at Craig’s Marsh found a lower average 

influent nitrate concentration in the constructed wetland (3.73 mg/l as opposed to 

4.45 mg/l), however the overall removal rate was slightly higher at approximately 

60% (Yearick 2007).  It should be noted that Yearick’s study was for a shorter period 

of time, from September to April.  This earlier study addressed only the constructed 

wetland system.  Yearick also notes the minor influence of precipitation on the 

hydrology of the wetland system indicating that groundwater is likely the determining 

component. 
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Limitations 

While this research examined water quality at Craig’s Marsh over 

approximately 10 months, it does not present a complete picture of the processes 

occurring on site.  The winter ice cover precluded much of the non-growing season 

sampling and the higher than average summer and spring rainfall presented a 

“season-specific” series of conditions rather than those associated with average 

conditions.  Any further investigations of this site should consider a minimum of two 

years sampling and, preferably, continuous monitoring of water levels and flow rates. 
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CONCLUSION 

This research has shown that the constructed and natural wetlands are both 

making a significant contribution to water quality improvement.  It has been possible 

to quantify reductions in nitrate loading as well as to compare and quantify nitrate 

removal between the two wetlands. 

The general hydrologic patterns and discharges of the two systems have 

been determined and used in the research to support calculation of HRT and its 

influence on rates of nitrate removal. 

For a wetland to function as intended in this context and provide significant 

nitrate removal there needs to be a supply of nitrate which in this case is present in 

the form of nitrate rich groundwater.  The wetland also needs access to the nitrate – 

this is provided by the HRT which allows time for the necessary processes to take 

place.  There also needs to be capacity for removal which can be influenced by 

volume, water temperature, pH and other factors.  Finally it should be recognized 

that, while denitrification is the most important process taking place, there are also 

other processes which affect nitrate concentrations such as plant uptake and soil 

storage. 

The constructed wetland removed an average of 2.36 mg/l of nitrate over the 

study period which equates to 53% of total influent nitrate with an average hydraulic 

residence time of approximately 14 days.  The natural wetland had a much lower 

removal rate of 0.31 mg/l or 7% of influent nitrate, however, given the much greater 

water flows through this system, the total nutrient removal was much higher. An 
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estimated 730 kg of nitrate was removed in the natural wetland compared to 201 kg 

removed in the constructed wetland. 

Based on the data collected and analyzed over the 10-month study period 

there is strong evidence that the natural and constructed wetlands at Craig’s Marsh 

are providing water quality improvement to the Burd Run watershed with a realistic 

estimate of removing a combined total of approximately 1,500 kg of nitrate-nitrogen 

per year in addition to providing wildlife habitat.  This estimate of total nitrate removal 

is based on measured removal over the study period and extrapolated to include the 

portion of the year with no sampling activities. 

Based on documented nitrate concentrations, specific conductance and pH of 

the influent water, it also appears that groundwater flows make up the majority of the 

site hydrology.  While significant storm flows clearly reach the stream in the area of 

gauge G1, very little of this runoff appears to reach the constructed wetland.  None 

of the parameters measured presented any significant variation in response to 

elevated antecedent precipitation indicating that any dilution by rainwater is minimal. 

While seasonal weather conditions for 2010-2011 were significantly outside 

average conditions, the minimal influence of precipitation on site hydrology means 

that the results for a drier or wetter year may not be significantly different with 

groundwater continuing to provide the main source of hydrology to the system, 

although long term monitoring would be necessary for confirmation. 

Much of the work done was based on the assumption that the constructed 

and natural wetlands were receiving inflow from the same groundwater source.  This 

has been confirmed by virtually identical levels for all of the parameters measured 
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throughout the study period.  This fact can inform further studies conducted on this 

site, especially any further investigations of site hydrology. 

Initial reviews of HRT seemed to indicate significant differences when 

compared to the nearby Hornbaker Spring wetland system, with Craig’s Marsh 

presenting much longer residence times to achieve the same rate of nitrate removal.  

Further investigation revealed that the majority of nitrate removal was occurring 

within the first two weeks; nitrate removal for retention times of longer than two 

weeks remained the same or even slightly less than during periods with shorter 

retention time. 

The research has confirmed that HRT is a key component of the 

denitrification process and has also confirmed that, once a time threshold has been 

passed (in this case 14 days), there is a reduction in nutrient removal.  On this basis, 

construction of open water mitigation wetlands should ideally incorporate outflow 

control to ensure that HRT is always maintained at optimum levels.  Given that this 

approach would be maintenance-intensive a more practical solution would be to size 

the constructed wetland volume relative to inflow rates such that an optimum HRT is 

achieved for most seasonal conditions. 

While recognizing that the existing regulatory framework for wetland 

mitigation addresses fundamental needs in terms of habitat protection and water 

quality improvement associated with vegetated wetlands, there remains a major gap 

in the current approach.  Open water wetlands can also provide significant benefits 

in terms of habitat as well as providing even greater levels of water quality 

improvement in terms of nitrate removal. 
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The current policy of not requiring mitigation for open water wetland impacts 

means that downstream water quality will suffer which runs contrary to the intent of 

the Clean Water Act.  In addition, the superior nitrate removal capabilities of open 

water systems should be considered when planning mitigation and incorporated into 

the design of new wetland mitigation sites with a view to further enhancing nutrient 

removal. 
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