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Executive Summary 
 
The current standard method for determining water level fluctuations and depths to 
saturation in fine-textured wetland soils is to use shallow open-screened wells following 
U.S. Army Corp of Engineers (USACE) and related Natural Resources Conservation 
Service (NRCS) technical standards.  A commonly reported problem in low permeability 
clayey soils is the “lag time” between actual changes in water levels vs. corresponding 
recorded changes in monitoring wells/piezometers, leading to inaccurate hydroperiod 
estimates. To address this issue, we evaluated a wide range of well/piezometer designs 
and sensors with respect to their relative accuracy vs. manually recorded data in a clayey  
created wetland in Northern Virginia. We compared a wide array of well designs with 
automated data recorders,  standard USACE/NRCS wells, piezometers at varying depths, 
and tensiometers over 20+ months with extended observations to 40+ months. We also 
compared 12 alternative monitoring well/piezometer designs to assess effects of well 
diameter, packing material and other features on apparent/measured water levels.   
 
It is clear from our results that choice of monitoring well design and sensor can have a 
significant influence on the recorded depth to saturation/ponding. The automated 
well/sensor data indicated that all three of the near-surface automated well/piezometer 
designs responded relatively quickly (within hours) to rainfall events and thus concerns 
regarding “lag time” were not confirmed.  Perhaps the most surprising result from the 
automated well/sensor dataset was that deep (-175 cm) piezometers projected a seasonal 
response opposite of expectations.  The combined data show that while the near-surface 
saturated zone was clearly “perched” (epiaquic), the deep subsoil/saprolite zone was fully 
“disconnected” hydrologically with a much lower potentiometric head in the winter than 
summer. Our tensiometers did not perform well in this study for various reasons.  
 
For the manual well/piezometer monitoring arrays, differences in well design alone (e.g., 
diameter, depth of open increment, packing) produced least 5 to 20 cm of apparent 
differences in water levels on most sampling dates and for certain date x design x site (3) 
combinations. While differences among designs varied between sites and often between 
seasons, those with larger diameters (3.8 vs. 1.9 cm) and sand filter packs generally 
produced higher overall water level readings more similar to those noted in the automated  
wells. Extended manually measured data revealed that all of the automated well designs 
frequently projected/recorded ponded water levels that were often quite different (e.g. 
higher) than the actual ponded depths, particularly during the winter.  
 
Collectively, our results indicate that the current USACE monitoring well design in 
combination with a consistent and robust automated logger (e.g., the Onsettm) generates 
an annual hydroperiod dataset that is reasonably accurate and consistent. That being said, 
our extended data indicate that it may actually overestimate depth and extent of wet 
season ponding. Where possible, we strongly recommend the installation of a deeper 
piezometer at least 30 to 50 cm below the standard USACE well in a nested design at 
monitoring sites.  This will allow for direct interpretation of local vertical gradients and 
greatly assist in interpreting the local hydrologic setting, full season hydroperiod and the 
ability confirm epi- vs. endoaquic conditions.  
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Project History and Background 
 
This report provides a long-awaited cumulative summary of research conducted by 
Virginia Tech between 2008 and 2013 that was originally sponsored by Wetland Studies 
and Solutions Inc. (WSSI) and the Peterson Family Foundation via their Piedmont 
Wetlands Research Initiative (WRI; https://www.wetlands.com/wetland-research-
initiative).  The Resource Protection Group, Inc. (https://resourceprotectiongroup.org/)  
assumed responsibility in 2015 for managing all former and active WRI programs. 
 
The primary results of this research program were originally reported by Troyer (2013) in 
a M.S. degree thesis submitted to WRI along with several regional and national scientific 
presentations which can be found at https://resourceprotectiongroup.org/wri/wetland-
hydrology-monitoring/.  The final results reported here also represent certain 
modifications and changes to interpretations developed by the lead author in later years.  
 
We greatly appreciate our sponsor’s patience and support of this project and several other 
related programs over the past twelve years.  

Introduction 
 
The current standard of practice method for accurately determining water table level 
fluctuations and the depth to saturation in fine-textured wetland soils is to use one-inch or 
two-inch shallow open casing wells following the technical standards for (1) monitoring 
water level changes of wetland sites, and (2) installing monitoring wells/piezometers in 
wetlands (Huffman and Tucker, 1984; Environmental Laboratory, 1987; U. S. Army 
Corps of Engineers, 2005; Sprecher, 2008).  A perceived problem with this technology in 
low permeability clayey soils is the long time delay between a change in the water level 
in the wetland soil and the corresponding change in the water level in the monitoring 
wells/piezometers.  As discussed below, this “slow response time” presumably results in 
erroneous readings of soil saturation levels, due to a combination of factors: 
 

(a) The difference in saturated permeability between the open well and associated 
sand filter packs and soil;  

(b) The abrupt interface in particle size between the well screen and/or sand filter 
pack and the surrounding clayey soil, and  

(c) Large differences in relative matric forces between the surrounding clayey soils 
and the constructed well materials.  

 
Even in very homogeneous soil materials with limited horizonation and structure 
development, these factors can lead to apparent water level readings within the well bore 
that are significantly higher or lower than the actual level of saturation in the surrounding 
soil (Miller & Bragg, 2007).  Additionally, when a typical open-screened well is installed 
into a soil matrix that possesses significant vertical stratification in texture or density, this 
stratification frequently leads to “perching” or epiaquic conditions and the water levels in 
the open well that is open-screened through these stratifications will reveal an apparent 
soil water level that is much lower than the actual perched saturated zone.    
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One obvious approach to this issue is the installation of piezometer nests, but they will 
still have the interface issues discussed above and are also subject to soil structure related 
issues of enhanced macropore flow. In fine-textured soils that have well-developed soil 
structure (particularly vertical prismatic), the well bore may intersect a large prism face 
that will rapidly conduct saturated flow into the bore while the bulk of the surrounding 
soils’ prism interiors are unsaturated. This commonly occurs when a heavy rain event 
penetrates into a dry soil with well-developed vertical and lateral macro-porosity. In this 
scenario, the well reveals a relatively high water level reading for some extended period 
of time.  Overall, most research reports agree that using large well diameters is 
inadvisable in clayey soils, but little research has been conducted to determine 
alternatives (Shuter and Teasdale, 1989; Hanschke & Baird, 2001). 
 
Finally, all regulatory and scientific field hydrology monitoring efforts are plagued by 
issues with data storage, reliability, security, reproducibility, vandalism, and 
occasionally, fraud. The wide array of technologies that we will discuss later have 
relative strengths and weaknesses in all of these areas.  

Preliminary Studies 
 
For over 15 years, we have been involved in a wide array of detailed studies of wetland 
hydrology and soil interactions, and many of or our reports can be found at 
https://resourceprotectiongroup.org/wri/ and https://landrehab.org/. A number of these 
studies involved the use of multiple water level monitoring well/piezometer designs 
(Burdt et al., 2005; Daniels et al., 2000, 2005; Stolt et al., 2000) in a wide array of 
settings.  In particular, the Daniels et al. (2000) study estimated and modeled overall site 
hydrology in a surface water driven Piedmont/Triassic constructed wetland site in 
Manassas VA where large errors in apparent water levels in VDOT contractor installed 
wells (loose fit with no surface bentonite plug) were noted. The more recent Daniels et al. 
(2005) report covered detailed hydrologic data set analysis of 10 sites in Virginia; three 
of which were Piedmont wetlands. One interesting finding in the 2005 study was that 
epiaquic conditions are commonly induced by heavy compaction of soils at recent VDOT 
mitigation sites but not as common in surrounding natural wetlands. This difference was 
quantified via the utilization of strategically placed piezometer nests. As components of 
these studies, we have also worked extensively with using simple iron rods (rebar), Fe-
coated PVC (IRIS) tubes, redox probes, and several other direct sensing technologies for 
determining saturation and/or hydric soil conditions.  

Research Objectives 
 
The original objectives of this research were to:   

1. Review and carefully document all currently recommended and utilized 
procedures for installing soil water level/saturation monitoring wells.  

2. Determine and document all available alternative technologies for accurately 
determining soil saturation status at a given depth including various probes, 
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capacitance technologies, TDR, steel rods, Fe-oxide coated materials and others 
as described later. 

3. Study, compile and critique all methods currently available for field collection, 
storage and transmission of soil water level/saturation data sets and associated 
data security technologies.  

4. Conduct detailed laboratory and field studies to directly compare the best 
available technologies for accurately sensing soil water levels/saturation status.  

5. Develop and test a new approach to accurately measuring soil saturation status: a 
micro-tensiometer linked to a signal modulation and data storage device. 

6. Test several new design modifications for installing conventional wells that may 
offset sources of their error in clayey soils.  

7. Assess and evaluate all reviewed and tested methods outlined in Objective 1 
through 6 above and provide a detailed analysis of the advantages and 
disadvantages of the best devices along with final recommendations on 
monitoring array construction, installation and protection.  
 

In this report, we provide our detailed summary literature review and field results 
obtained over the course of our study and subsequent interpretations. However, a 
significant portion of our effort in the first two years of the project (2008/2009) was 
devoted to the study of several existing water level sensor technologies in a controlled 
mesocosm testing environment along with the development of the new micro-tensiometer 
design. While those efforts were largely successful, our lead investigator (Dr. Gaber 
Hassan) on those efforts was abruptly recalled into military service in Egypt in 2010 due 
to uprisings associated with the “Arab Spring” and was not able to complete his final 
analyses. However, we did submit detailed information on the supporting theory and 
literature base, mesocosm methods and preliminary results in a series of progress reports 
to the WRI which are available at https://resourceprotectiongroup.org/wri/wetland-
hydrology-monitoring/. 
 

Review of Related Literature and Background Concepts 

Water Level Sensing Technologies – Basic Principles   

Overview 

The quantity of water in soil from air dry to saturation is expressed in two different units, 
as the volumetric water content θv and the gravimetric water content θg. The θv is the 
volume of water per unit volume of soil, L3 L-3 (e.g., 0.40 or 40%) The θg is the mass of 
water per mass (M) of dry soil (e.g., 40 g 100 g-1 or 40%).  The relationship between θv 
and θg can be formulated as: 

bgwv    

where w  is the density of water (g cm-3) and b is the dry soil bulk density (g cm-3).   

 
When soil bulk density is > 1.0, volumetric water content is always greater than 
gravimetric on a % basis. The values for θg can be determined only gravimetrically as a 
direct method (Gardner, 1986).  
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Measuring Soil Water via Matric Potential  

Water moves through the soil domain based upon total soil water potential (Ψ) gradients. 
The Ψ of the constituent water in soil at temperature T0 is the amount of work per unit 
quantity of pure water that must be done by means of externally applied forces to transfer 
reversibly and isothermally an infinitesimal amount of water from the standard state to 
the soil liquid phase at the point under consideration (Bolt, 1979). The components of the 
Ψ will vary depending on the type of the water transformations occurring from the 
reference state to the soil state. At equilibrium condition when the gravitational potential 
(Ψg) is taken as a reference level, and solute forces are negligible, the Ψ can be presented 
as soil matric potential Ψm. The Ψm is the energy per unit volume of water required to 
transfer an infinitesimal quantity of water from a reference pool of soil water at the 
elevation of the soil to the point of interest in the soil at reference air pressure.  In other 
(and much simpler) words, the matric potential is the suction force exerted on water 
(which is polar) by the charged surfaces in soils and is expressed as a negative potential 
in bars or kpa (1 bar = 100 kpa). Very dry soils can exert 10 to 20 times atmospheric 
pressure/suction (- bars or kpa) on soil water. As soils become saturated, matric potential 
approaches zero and water flow becomes dominated by gravitational forces.   
 
The most popular and widely used commercially available device to measure Ψm is the 
tensiometer. The tensiometer consists of a water-saturated porous ceramic cup connected 
to a manometer through a water-filled tube.  The ceramic cup, consisting of very fine 
pores, remains water saturated even when placed in contact with soil at relatively low 
(e.g. approaching saturation) water potentials. Upon contact, water moves from the water 
filled tube into the soil, creating suction at the manometer interface until equilibrium is 
reached and the total potential of the water system is equal everywhere. The Ψm can be 
calculated using Ψm  =  tensiometer reading (mbar or cm)  + Z0  where Z0 is the vertical 
distance from the manometer septum to the ceramic cup (cm).   
               
Some examples of commercially available tensiometers are the Spectrum Technologies 
soil moisture transducer and irrometer tensiometers (www.specmeters.com/) and the Soil 
Moisture jet fill tensiometers (http://www.soilmoisture.com/). These tensiometers are 
manually operated.  
 
For this research program, we fabricated our own tensiometers based on the above 
principles, with the exception that an electronic transducer with a data logger was 
connected to the water-filled tube. We used similar tensiometers in a previous research 
(Hassan et al., 2004) and found that the transducer tensiometers are low maintenance and 
highly accurate on measuring ψm   in the range between saturated and unsaturated 
conditions. However, once the soil dries out to any extent (e.g., to –1.0 bar or -100 kpa or 
lower), tensiometers become unreliable due to their loss of continuous water film 
connection between the porous ceramic cup and bulk soil. At this point, the instrument 
reading returns to zero which is obviously a complicating factor since that is also the 
reading observed at saturation.          
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Measuring Water Level as Hydrostatic Pressure or Depth   

Changes in the water level in screened wells or piezometers as a function of water table 
fluctuation in the soil domain are usually measured using water level loggers (also known 
as pressure transducers). A water level logger usually combines a microprocessor, a 
pressure sensor, and battery power in a durable enclosure. The pressure sensor measures 
a hydrostatic water head ( h ) of the water above the sensor. The h values then are 
converted to a depth of water by the microprocessor.  
 
Loggers may be either vented or non-vented. Vented loggers include a vent tube built 
into the cable that allows them to automatically adjust to local atmospheric pressure 
changes.  The total “water pressure” or height measured by non-vented pressure 
transducers is the sum of the barometric pressure and the pressure from the height of the 
water above the pressure transducer sensor.  Use of non-vented sensors (e.g. the Onset 
sensor used in our studies) usually requires an additional local external sensor to record 
barometric pressure changes and correct the water level pressure transducer data.   
 
While vented loggers are capable of providing more accurate data, they also possess 
several limitations that may result in data problems. They are larger than non-vented 
loggers, which makes transportation and installation more difficult.  They often require 
desiccants, which need to be replaced regularly. If contaminants are present in the water, 
vent tubes with contaminant-resistant material must be used. Vented logger cables cannot 
be easily be lengthened. Condensation can build up in vented loggers, which may result 
in inaccurate data.  Finally, if the end of the vented logger cable is covered by rising 
water, all the data recorded subsequently may be inaccurate because of the unknown 
pressure compensation dynamics during the flood or ponding event.   
 
There were dozens of water level logger systems that commercially available at the time 
this study was conducted including those offered by Remote Data Systems (RDS; no 
longer available), Onset/HOBOtm (www.onsetcomp.com), Global Water Instrumentation, 
Inc. (www.globalw.com), and several other vendors.   
 

Field Methods of Wetland Hydrology Monitoring 

Introduction 

Many researchers have noted that the key to understanding the hydrology of a wetland 
lies in the water budget, which describes the movement of water into and out of the 
wetland as well as the storage within it. These changes in net water storage within a given 
wetland zone are reflected in the “hydroperiod” or the change in saturation/ponding over 
time. Therefore, the ability to accurately measure the relative elevation of soil saturation 
or surface ponding at a given location is critical to understanding wetland hydrology and 
functions. However, Brinson (1993) argued that from an ecological perspective, the 
balance of water inflow and magnitude of water storage is not as important to ecological 
functions as the depth of water, length or timing of inundation, flow velocity, and water 
source. Either way, monitoring of wetland hydrology is important in order to gain an 
overall understanding of the wetland system. Another WRI/RPG long-term study has 
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been focused on the development of improved wetland water budget modeling 
procedures and software (Wetbud: https://landrehab.org/home/programs/wetbud/).  

 
In a study by Cole et al. (1997), wells and piezometers were monitored monthly to 
determine depth to water and to ascertain “residence time of water in the upper 30 cm 
(11.8 in) of soil.” If an identifiable clayey Bt or Btg horizon was present, the shallow 
groundwater monitoring well was installed above the clay, while the piezometer was 
installed through the clayey Bt horizon into the underlying material.  The piezometer was 
set in sand, sealed with bentonite clay in the annulus, and each well and piezometer was 
capped and marked for identification.  The wells were used to determine the wetland 
water level; piezometers were used to determine if groundwater was a source of water for 
the wetland, as indicated by a positive head difference between the piezometer and the 
adjacent well. However, it was noted that an alternative explanation of positive 
piezometric head may include, among other things, a perching (epiaquic) system. 
 
Objectives of a study by Skalbeck et al. (2009) were to characterize two seasonal wetland 
types and relate how a longer-term, more encompassing characterization of the hydrology 
relates to more time-integrated measures of soil and plant properties.  Groundwater 
measurements were taken from wells and piezometers to clarify groundwater interaction 
and evaluate how standard water table metrics used in wetter conditions perform for 
seasonally dry (precipitation-driven) wetland types.  Precipitation from the study period 
was compared with historical data using a standard WETS analysis (the WETS table 
provides monthly thresholds for below normal and above normal conditions); each month 
was rated dry, normal, or wet based on this comparison.  Skalbeck et al. (2009) used 
median duration periods to provide an indication of the dominant length of inundation.  
They found that short duration high-water events seem to have affected the plant 
communities while the longer duration high-water events affected hydric soil 
development and are the regulatory metric of interest.  Occurrence and duration of water 
levels above specific thresholds was also addressed by Shaffer et al. (2000), since it was 
noted that these data are useful for a variety of purposes: 

 Wetland delineation. 
 Understanding vegetation distribution. 
 Understanding the development of redox features in soils. 
 Examining the differences in natural and created (mitigation) wetlands. 
 Classifying and comparing different types of wetlands. 

 
The main research emphasis of Shaffer et al. (2000) was to evaluate the effects of 
measurement interval on the reliability of several types of hydrologic data, including: 
descriptive statistics for stage, monthly mean water levels, and duration of water levels 
above thresholds.  The magnitude of error was characterized at different measurement 
intervals in an effort to determine whether sampling at infrequent time intervals provides 
representative data.  Water levels were monitored with the Remote Data Sensing Water 
Level Logger (RDS WL40) and referenced to ground level at each gauge.  One year’s 
worth of daily data (daily was found to closely correspond to three-hour data) was used to 
create subsets for measurement intervals of 2, 4, 7, 14, and 28 days.  Out of range values, 
such as when a well was dry or overtopped, were recorded as the minimum or maximum 
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reading for the gauge and included in the analysis.  It was found that data from infrequent 
measurements provided representative estimates of water level distribution and, except 
for maximum water level, predicted within 5 cm (2 in) and 5% of the values defined by 
daily measurements.  
 
However, in cases where the occurrence of a condition was uncommon (such as short-
term ponding), Shaffer et al. (2000) noted that infrequent data collection can be 
misleading.  Hydrologic data collected at 3-hour intervals show the two types of wetlands 
under investigation to be highly responsive to precipitation, leading Cole et al. (1997) to 
conclude that for floodplain and slope wetlands, monthly water level and rainfall 
measurements may be too infrequent.  Gilvear and Bradley (2000) noted that numerous 
measurements of the wetland water table elevation as well as the extent of surface 
inundation are vitally important to establish temporal and spatial variation in hydrology 
and water storage; hourly or more frequent data collection is therefore recommended to 
help isolate the effects of individual rain events.   

Shallow Groundwater Monitoring Wells 

The depth of the water table (also assumed to be the zero potential surface) below the 
ground surface is normally measured using a shallow groundwater monitoring well – a 
pipe slotted over an interval that ensures the water level reading within the pipe is 
integrated over the slotting distance.  The technical standard for water table monitoring in 
wetland sites is given in U.S. Army Corps of Engineers (2005) as follows: 
 

“Water-level measurements must be taken at least once each day, beginning 5-7 
days before the first day of the growing season and continuing until the end of the 
growing season or until the minimum standard for wetland hydrology is met that 
year. If automated recorders are used, readings four times per day are 
recommended (use the lowest reading each day). On sites subject to flooding or 
ponding, depth of surface water must be measured each day that water-table 
readings are made.” 
 

When shallow groundwater monitoring wells are dry, the maximum measurable depth is 
the bottom of the well casing, not the actual depth of the water table.  Cole et al. (1997) 
chose to use the median depth to water as their metric to assess water depth as they felt 
there was no suitable method for calculating the mean when the measurements “exceeded 
the capacity of the instrument to record them.”  These median depths were referenced to 
ground level and thus negative values indicated water levels below the soil surface and 
positive values indicated ponded conditions and provided conservative estimates of water 
table depth since the actual values, if measurable, would have been deeper.  
 
When coupled with on-site rainfall data, water level measurements within wells and 
piezometers installed into underlying stratigraphic units should reveal the hydrological 
regime and role of the groundwater within the wetland system (Gilvear and Bradley 
2000). 

Piezometers 
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In contrast to conventional open screened water level monitoring wells, piezometers are 
only open screened over a limited vertical increment. In order to determine vertical 
gradients of groundwater movement, piezometers must be installed in “nests” of two 
(ideally three or more), with each piezometer measuring the water pressure (or head) at a 
different depth.  If the absolute water pressure in the deeper piezometer is higher than in 
the upper piezometer, this indicates upward flow or discharge into the wetland.  The 
converse indicates downward flow, or recharge to local groundwater.  Lateral gradients 
can also be inferred by comparing heads measured from similar screen depths from three 
or more piezometers at differing locations.  
 
It is critical that all measurements of water level be referenced to a fixed datum (Gilvear 
and Bradley 2000).  This enables the wetland area flooded by a given amount of water to 
be determined, digital terrain models to be created, and the relationship between a 
volume of water stored and the elevation of inundation to be calculated.  

Monitoring Well Pipe Diameter 

The width of the monitoring well (pipe diameter) is a compromise between the response 
rate (smaller diameter = faster response; Gilvear and Bradley 2000) and the width of any 
water table measuring device needing access to the water within the pipe.  Sprecher 
(2008) notes that one solution to drainage lag time is to decrease pipe diameter of wells 
and piezometers when installed into horizons with low or very low saturated hydraulic 
conductivity, such as high clay soils. This “solution” was never confirmed via a dedicated 
field study, however.  
 
In the U.S. EPA’s Groundwater Monitoring Guide, it is recommended that the diameter 
of a monitoring well casing should be held to the minimum size compatible with strength 
requirements for the well depth and with the size of the sampling equipment (Barcelona 
et al., 1985).  This is because the amount of water removed from the well is a function of 
the hydraulic properties of the soil as well as the pumping rate; as the diameter of the 
well increases, larger portions of altered, unrepresentative water samples are delivered to 
the surface to create the same amount of drawdown (Barcelona et al., 1985).  To address 
this issue, the standard protocol now calls for evacuating at least three times the volume 
of the well boring before taking any water quality samples. 
 
It has been noted that using large well diameters is inadvisable in clayey soils but little 
research has been conducted to examine alternatives (Shuter and Teasdale 1989; 
Hanschke and Baird 2001).  Sprecher (2008) also addresses this issue by listing it among 
the research needs of the U.S. Army Corps of Engineers wetlands regulatory program. 
 
 
 

Well Packing Material 

A sand filter pack around the outside of the well screen is typically used in water table 
monitoring wells to prevent ingress of fine particles and to provide a zone of high 
saturated hydraulic conductivity promoting water movement toward the well or 
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piezometer (U.S. Army Corps of Engineers, 2005).  In all clayey texture classes, a sand 
filter pack is required.  Because wells in high clay soils may retain water even when the 
surrounding soil is unsaturated, it is recommended that piezometers be used and that a 
sand pack is only installed around the slotted area to limit the zone of water input (U.S. 
Army Corps of Engineers, 2005).  To overcome piezometer lag time in high clay soils, 
Sprecher (2008) recommends using the smallest practicable inner diameter pipe and 
examining alternatives such as ceramic cups for the piezometer opening, thus negating 
the need for a filter pack.  D’Astous et al. (1989) showed that smearing on well boring 
walls caused by augering prevented piezometers from responding at expected rates.  
When the smeared clay was removed from boreholes before installation of piezometers, 
the saturated hydraulic conductivity was three orders of magnitude higher than those 
measured from the underlying substrate (D’Astous et al., 1989).   

Additional Issues in Expansive Clayey Soils 

Expansive soils, or soils with high shrink-swell potential, cover extensive acreage in the 
Culpeper Basin in northern Virginia (Thomas et al., 2000).  Volume change in shrink-
swell soils is related to clay fraction properties such as: plasticity, clay content, specific 
surface area, and mineralogy. Culpeper Basin soils are forming on mixtures of 
diabase/basalt and thermally altered shale parent materials that commonly produce high 
to very high shrink-swell potential due to substantial amounts of smectite and vermiculite 
and high clay contents (Thomas et al., 2000).   
 
Soils at the Cedar Run Site consist of a “cap” of replaced topsoil above high-clay, shrink-
swell truncated and cut subsoils.  Site construction included intentional compaction of the 
soils (thus removing soil structure) to create a perched water table above an 
“impermeable” clay soil boundary.  As explained in Ruland et al. (1991), in massive (or 
unstructured) clays, strong negative hydraulic heads can develop without an appreciable 
amount of water being drawn from the clay since the pore spaces are small and capillarity 
holds water in pores against the significant negative hydraulic head.  Water in large 
continuous soil macropores (fractures or structural planes in massive clay soils) is more 
easily removed, and therefore drains more quickly in dry periods.  Ruland et al. (1991) 
also noted that large seasonal fluctuations in water levels are not expected in massive 
clays because their low permeability inhibits movement of water even under considerable 
hydraulic gradients.  Groundwater flow in the upper, active zone of unstructured clayey 
soils is mainly horizontal due to the interconnectivity of pores and the much lower 
hydraulic conductivity of the clay subsoil (Ruland et al., 1991).  Fractures may exist that 
are capable of transmitting water, but they may not be laterally connected and 
groundwater flow through these fractures will mainly be vertical in response to seasonal 
changes in hydraulic gradients (downward during recharge and upward during times of 
high evaporative loss at the soil surface). Wells and piezometers installed in massive 
clays were considered by Ruland et al. (1991) to be in “hydraulic isolation.”   
 
Skalbeck et al. (2009) found that water levels in piezometers from two of their three plot 
locations closely matched water levels in wells but a third plot was not in agreement.  
Wells and piezometers at the first two plot locations were located in sand overlying clay, 
with the screened portion of the lower portions of the wells and the piezometers in the 
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sandy portion.  At the third plot, the piezometer screen was in a thin gravel section while 
the well screen was in high-clay soils and separated from the piezometer by about 2.5 m 
of clay.  It was suggested that the wells and piezometer at this plot measured two 
different “waterbearing zones that were not in good hydraulic continuity”.  

Statistical Analysis of Water Level Data 

In the Cole et al. (1997) study, regression analysis was used to estimate the impacts of 
rain events on water level (daily values from three local weather stations were compared 
with median monthly water level measurements).  Because depth, pH, and specific 
conductance were not normally distributed, the non-parametric Kruskal-Wallis test was 
used to evaluate differences among the wetland types; statistics were calculated in 
Minitabtm. 
 
The SAStm system was used by Barton et al. (2008) for their statistical analysis. Two 
sample t-tests with unequal variances were performed to determine significant differences 
between soil parameters in restored and control Carolina bays, and stepwise multiple 
linear regression models were constructed to examine soil factors associated with 
hydroperiod.  Linear regression analyses were also used to determine relationships 
between average hydroperiod and soil properties within the entire soil profile of the 
reference bays.  Barton et al. (2008) found that the best single independent soil variable 
for predicting hydroperiod was exchangeable acidity (EA), the best two-variable model 
was EA + nitrogen (N), the best three-variable model was EA + total N + total carbon 
(C), and a correlation was found between hydroperiod and clay content of the Bt horizon.  
These findings reveal that certain chemical properties of surface soils, those sensitive to 
soil redox change or flooding, were correlated with hydrologic variability and were good 
indicators of hydroperiod in the wetland systems studied. 
 
In another study, Gardner and Reeves (2000) found that rain events of greater than a 
critical size failed to produce large responses because the excess rain was lost by surface 
runoff; therefore, only those rain events that failed to drive the water table to the ground 
surface were used in their regression analysis.  The cumulative water table rise for the 
entire length of record was determined and divided by the slope of the regression 
equation (representing the average response of the water table to one cm of rain). Annual 
estimates of infiltration were obtained by multiplying this result by the ratio of number of 
hours in a year to the number of hours of water level measurements. 
 
Skalbeck et al. (2009) determined continuous inundation periods for each well and each 
growing season using the methods outlined in Hunt et al. (1999).  The sample standard 
deviation was converted to cumulative probability for plotting and continuous lognormal 
distributions were fit to residence time data.  High water level average statistics, as 
described by Henszey et al. (2004) were calculated for 7- and 10-day periods and a 
moving average was used for the individual water levels for the previous number of days 
rather than averaging the mean daily water level. Short-term spikes of water level 
fluctuations suggested a rapid response to precipitation input and evapotranspiration 
losses at the wetland sites under investigation.  Each well hydrograph was analyzed to 
determine periods of time where the water level was at or above - 30 cm below ground 
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surface during the growing season.  The resulting series of residence times, representing a 
period of time when the water level was continually in the root zone, and a continuous 
lognormal distribution fit to the residence times for each site were represented as 
cumulative probability plots.  Misfits in the data were larger than seen by Hunt et al. 
(1999) and were attributed to the fact that the sites monitored by Hunt et al. (1999) were 
primarily groundwater driven while those monitored by Skalbeck et al. (2009) were 
primarily precipitation-driven with “little of the smoothing effects of continuous 
groundwater flow”.  Skalbeck et al. (2009) noted that the lack of groundwater input, the 
existence of a groundwater sink at depth, an evaporation sink at the surface, together with 
changing climatic inputs added enough variability that additional distribution graphical 
analyses or summary statistics might better describe drier wetland systems.  
 

Materials and Methods: Cedar Run 3 Field Site 

Field Site Variability Characterization 

Equipment 

On June 2-4, 2009, Wes Tuttle of the NRCS National Soil Survey Center and John 
Galbraith conducted a detailed electromagnetic induction (EMI) study of soil conditions 
in and around the Cedar Run 3 site with the assistance of Laura Giese (WSSI) and Nicole 
Troyer. Soil morphological variability was characterized at each site using two 
electromagnetic conductivity meters, the pre-calibrated Dualem-2 Meter 
(http://www.dualem.com/) and the Geonics Ltd. EM-38 (Geonics Ltd.; 
http://www.geonics.com), which requires calibration before each use.  The EM-38 is 
about 1 m (3 ft) in length and is used to determine soil electromagnetic conductivity to a 
1 m (3 ft) depth.  The Dualem-2 Meter works in the same manner as the EM-38 but 
measures soil electromagnetic conductivity at about 1 m (3 ft) and about 2 m (6 ft).    
 
The principle of operation of the Dualem-2 meters has been described by Taylor (2003).  
The meters consist of one transmitter and two receiver coils.  One receiver coil and the 
transmitter coil provide perpendicular (PRP) geometry.  The other receiver coil provides 
a horizontal co-planar (HCP) geometry with the transmitter coil.  This dual system 
permits two depths to be simultaneously measured without rotating the coils.  The depth 
of penetration is “geometry limited” and is dependent upon the intercoil spacing and coil 
geometry. The meters operate at a frequency of about 9 kHz. The Dualem-2 meter has a 
2-m intercoil spacing and provides penetration depths of 1.3 and 3.0 m in the PRP and 
HCP geometries, respectively.  The meter is keypad operated and measurements can 
either be automatically or manually triggered.   
 
The Geonics EM-38 meter is portable, requires only one person to operate, and needs no 
ground contact during operation. McNeill (1980) and Geonics Limited (1998) have 
described principles of operation for the EM-38 meter. Lateral resolution is 
approximately equal to its intercoil spacing.  The EM-38 meter has a 1 m intercoil 
spacing and operates at a frequency of 14,600 Hz.  When placed on the soil surface, this 
instrument has a theoretical penetration depth of about 0.75 and 1.5 m in the horizontal 
and vertical dipole orientations, respectively. Values of apparent conductivity are 
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expressed in millisiemens per meter (mS/m).  During this investigation the EM-38 meter 
was used for spot checking areas of apparent conductivity and aided in the selection of 
sites for soil sampling. 
 
An Allegro field computer was used in combination with the Dualem-2 meter to record 
and store EMI data. The field computer is keypad operated and measurements can either 
be automatically or manually triggered. EMI data was geo-referenced with a Holux GR-
213 GPS receiver. To help summarize the results of this study, SURFER for Windows 
(version 8.0) developed by Golden Software, Inc. was used to construct two-dimensional 
simulations.  Grids were created using kriging methods with an octant search.  

Initial Field Survey Design 

First, an EMI survey was conducted across the site. Survey procedures were simplified to 
expedite fieldwork. The survey area was irregular in shape. The area was divided into 
two grid areas for survey purposes and later combined during post processing. Two 
parallel lines defined the upper and lower boundaries of each grid area. Survey traverse 
lines were irregular in length to accommodate the survey areas. Traverse line end points 
were marked and provided ground control. Survey lines were spaced approximately 15 m 
apart in the survey area located north of the gravel road. The survey area located south of 
the gravel road was slightly larger in size and contained larger and thicker woody 
vegetation. A line interval of 20 m was needed to accommodate the area.  Resulting 
spatial patterns did not appear to be significantly influenced by the difference in line 
spacing (15 m and 20 m, respectively) between the two grid areas. 
 
An EMI survey was completed by walking at a fairly uniform pace between similarly 
numbered survey lines on the opposing set of parallel lines in a back-and-forth pattern 
(Figure 1). The Dualem-2 meter was carried at hip height (approximately 1 m above the 
surface) and was operated in the continuous mode with measurements recorded at a 1-sec 
interval. Apparent conductivity measurements were collected in both the horizontal 
coplanar (HCP) (deeper sensing) geometry and the perpendicular (PRP) (shallower 
sensing) geometry. Apparent conductivity measurements were geo-referenced with a 
Holux GR-213 receiver.  
 
Secondly, soil borings were taken to verify changes in soil characteristics and associated 
changes in apparent conductivity (Figure 2).  
 
 
 
 



17 
 

 
 
Figure 1. John Galbraith completes an EMI survey at the Cedar Run Wetlands Bank site 
with the Dualem-2 meter, the Allegro data recorder and the Holux GR-213 receiver. 
 
 

 
 
Figure 2. Soil borings at the Cedar Run wetlands bank site. As observed in the photo, 
water ranged from approximately 3 inches to 10 inches (8 cm to 25 cm) in depth across 
the entire survey area at the time of data acquisition early in the summer of 2009. 
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Soil Description, Collection, and Analysis 

Soils at the Cedar Run Site were described in July 2009 during the installation of each 
plot’s deep piezometer using the methodology outlined in the Field Book for Describing 
and Sampling Soils (Schoeneberger et al., 2002).  These three auger boring locations 
were the deepest at the Cedar Run Site and full descriptions were made only in these 
locations.  However, since this research centers on monitoring wetland hydrology in clay 
soils, the actual depth to the clayey Bt and Btg horizon (Table 1) was measured at each 
well and piezometer boring to confirm and document well/piezometer placement within 
the clayey Bt and Btg horizons.  
 
Soil samples were dried, sieved to 2 mm, and analyzed for particle size (PSA) using the 
pipette method (Burt, 2004).  Soil pH was measured using a 1:1 water:soil ratio (Thomas, 
1996).  Extractable P, K, Ca, Mg, Na, Zn, Mn, Cu, and B were determined by the 
Mehlich 1 procedure (Maguire and Heckendorn, 2019) using a Thermo Elemental ICAP 
61E (Inductively Coupled Argon Plasma Atomic Emission Simultaneous Spectrometer). 
 
 
Table 1.  Horizon depths at the Cedar Run 3 field plots. 
 

Plot Rep 
Replaced ^A Horizon 

Thickness 
Depth to Contact with Clayey 

(Bt or Btg) Horizon 
------------------------------- cm ------------------------------ 

1 A 26 40 
1 B 30 43 
1 C 22 40 
1 E 15 32 
2 A 26 35 
2 B 25 25 
2 C 30 30 
2 E 20 40 
3 A 14 19 
3 B 28 28 
3 C 20 38 
3 E 16 33 
 Average 23 34 

 
 

Field Monitoring Well and Sensor Arrays 

Well Installation 

Three final replicate monitoring locations (plots) were selected over the late summer of 
2009 at Cedar Run 3 (CR 3) based on on-site soil investigations by W. Lee Daniels and 
the electromagnetic soil variability characterization.   As described earlier, soil samples 
were taken at each potential site to determine depth to the underlying high clay Bt or Btg 
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horizon (Table 1) and to assure gross soil morphological similarity among replicate 
locations.  Following the selection of the three plots, the central electronic monitoring 
array and the three replications of the manually monitored wells and piezometers were 
located within each plot.  Site conditions such as the location of planted trees and depth 
of fill material required slight modifications at Plot 1 (Figure 3) while Plots 2 and 3 
follow the layout shown in Figure 4. Plot construction and well installation was 
completed while the soils were unsaturated in August 2009.  

Electronic Monitoring Array 

The electronic monitoring array at each plot center consists of a standard USACE/NRCS 
well (per Sprecher, 2008), three nested piezometers, and three tensiometers (Figure 6). 
This array was termed “electronic” because the well, piezometer, and tensiometers all 
contained water level/content sensors with an associated datalogger for continuous data 
collection.  
  

 
 
Figure 3.  Layout of monitoring wells at Cedar Run Plot 1, showing the central electronic 
array (E1-E4 and T6, T12, and T18) and three surrounding replications (A, B, and C) of 
the manually monitored wells and piezometers.  E1, E2, and E3 are the shallow, middle, 
and deep piezometers, respectively. E4 is the USACE standard well, and T6, T12, and 
T18 are the 15, 30.5, and 46 cm (6, 12, and 18 in) tensiometers. Each of the manual reps 
consists of 12 treatments testing differences in well bore packing, screen materials, and 
pipe diameter, as well as the use of open bore holes vs. wells vs. piezometers.  
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Figure 4. Layout of monitoring wells at Cedar Run Plot 2 and 3, showing the central 
electronic array (E1-E4 and T6, T12, and T18) and three surrounding replications (A, B, 
and C) of the manually monitored wells and piezometers.  E1, E2, and E3 are the 
shallow, middle, and deep piezometers, respectively. E4 is the USACE standard well, and 
T6, T12, and T18 are the 15, 30.5, and 46 cm (6, 12, and 18 in) tensiometers. Each of the 
manual reps consists of 12 treatments testing differences in well bore packing, screen  
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Figure 5. Location of final three monitoring well arrays and onsite weather station at 
Cedar Run 3 created wetland.  This map is projected over the NRCS Web Soil Survey 
layer for the pre-excavation soils.  Elevated berms that divide the created wetland cells 
are clearly visible. Cedar Run and its associated undisturbed riparian forested wetlands 
occur just to the S of this photo. See Daniels et al. (2017) for details on undisturbed 
wetland soil hydroperiods at this location.  
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Figure 6.  Electronic monitoring array as installed at center of Plot 3E. 
 
 
The USACE/NRCS standard wells [5.1 cm (2 in) diameter PVC] were installed using per 
their  specifications (and Sprecher, 2008) to a depth of 46 cm (18 in) and were set as the 
center of each plot and the reference for all water level measurements.  Evaluation of the 
water level data recorded at this treatment/location were used to determine the USACE 
seasonal hydroperiod estimates of each site while comparisons across plots were used to 
determine spatial variability of the site.   
 
A piezometer nest was located adjacent to the standard well to minimize influence of 
soil/site heterogeneity. It includes a shallow piezometer, with the bottom of the slotting 
area located in the topsoil, 2.5 cm above the clayey Bt or Btg horizon, a middle depth 
piezometer set within the clayey Bt or Bt horizon, and a deep piezometer with the top of 
the slots located 2.5 cm (1 in) below the bottom of the clayey Bt or Btg horizon and 
bored into saprolitic materials (C or Cr).  All piezometers were 5.1 cm (2 in) in diameter.  
Specific installation depths at each plot in relation to soil layers are given in Figures 7, 8, 
and 9.  Comparison of the water levels (pressure heads) recorded at each of the sensors in 
the piezometer nest was used to determine relative ground water influences at each plot 
while comparisons across plots were used to determine spatial variability of the site. 
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Figure 7. Soil horizon morphology (from deep piezometer boring) and relative depth 
placement of the sensors in the electronic monitoring arrays at the Cedar Run Plot 1. 
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Figure 8. Soil horizon morphology (from deep piezometer boring) and relative depth 
placement of the sensors in the electronic monitoring arrays at the Cedar Run Plot 2. 
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Figure 9. Soil horizon morphology (from deep piezometer boring) and relative depth 
placement of the sensors in the electronic monitoring arrays at the Cedar Run Plot 3. 
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Electronic Monitoring Sensors 

Several of the same sensors that were used in the mesocosm experiment were used in the 
field plots to compare and evaluate differences between the different available 
technologies and well designs. However, our preliminary mesocosm work in 2009/2010  
with these sensors indicated that they all recorded very similar water levels to one another 
over multiple wet/dry cycles.  Therefore, we were comfortable directly comparing them 
at a given location in the field   
 
The shallow piezometers were fitted with Global Water Level Logger Model WL16U 
(Now marketed by YSI;  http://www.globalw.com/products/wl16.html) (Figure 10).  The 
bottom of the slotted area (sensor 0.0 point) was positioned at approximately 2.5 cm (1 
in) above the clayey Btg horizon (Figures 13-15).  This water level monitor has a 0-1 m 
(0-3 ft) range for shallow water situations and has automatic pressure and temperature 
compensation.    
 
Data collected by this sensor included date, time, water level (cm), volts, and pulses.  
Data for ‘pulses’ related to a recording setting not employed at the Cedar Run site and 
was thus always zero.  ‘Volts’ records the remaining battery power of the instrument.  
Water level was recorded from the sensor zero point, in this case at the bottom slot of the 
piezometer opening, 2.5 cm (1 in) above the clayey Bt or Btg horizon.  Therefore, to 
calculate the actual water level elevation, sensor depth (negative since below ground) was 
added to the recorded water level measurement for each plot. 
 

 
 
Figure 10.  Global Water level sensor; pre- and post-installation. 
 
Both the middle depth piezometer and the USACE/NRCS standard well used the Remote 
Data Systems (RDS) Ecotone™ WM 1.0m Water Level Monitor, model WM16k1015 
which is no longer commercially available.  At the beginning of our study period, the 
standard RDS well was changed from 5.1 cm (2 in) to 3.8 cm (1.5 in) inside diameter.  To 
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ensure consistency, since the Global sensor described above for the shallow piezometer 
requires 5.1 cm (2 in) PVC housing, all sensors used in the Electronic Array were housed 
in 5.1 cm (2 in) PVC to match.  This required the creation of a replica of the RDS 
housing, making sure that the length of pipe, depth to sensor 0.0 point and the location 
and area of slotting correctly matched the original (Figure 11). 
 
Data collected by the RDS sensor (Figure 12) included date, time, water level, and 
measurement units (e.g., cm).  Water level must be calculated based on the elevation of 
the calibration point relative to the ground surface.  At the Cedar Run site, all RDS 
sensors were installed with the calibration point flush with the ground surface and thus 
the data should need no “correction” since water level measurements should read actual 
water level elevations.    
 
 

 
 

Figure 11.  RDS wells used for middle piezometers vs standard USCOE wells. 
 
 
The deep piezometers were equipped with the Onset Computer Corporation HOBO 
Water Level Logger, model U20-001-01 (Figure 13). The deep piezometer at each central 
array was placed so that the top of the 5 cm (2 in) screened area was 2.54 cm (1 in) below 
the clayey Bt or Btg horizon (Figures 7 - 9).  The Onset sensors were hung on two plastic 
coated wires secured to the PVC cap (Figure 14).  Plots 1 and 3 had only the water level 
sensor, while Plot 2 also had an atmospheric pressure sensor in the upper vented portion 
of the PVC housing.   
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Figure 12. Datalogger and sensor for RDS wells used for middle piezometers. 
 
 
 

 
 

Figure 13.  Onset Hobo sensor in background with shuttle for data download in 
foreground. 
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Figure 14. Onset sensors used in deep piezometers; pre-installation. 
 

Tensiometers 

Three custom-made electronic tensiometers were installed at depths of 15, 30.5, and 46 
cm (6, 12, and 18 in respectively) below the soil surface at each electronic array. The 
tensiometers consisted of a water-saturated porous ceramic cup connected to a 
manometer through a water-filled tube. When placed in soil at low water potentials, water 
in the tube moves through the ceramic cup into the surrounding soil, thus creating suction 
at the manometer interface until equilibrium is reached. The tensiometer then records a 
matric potential measurement between 0 (when saturated) and approximately -100 kpa (-
1.0 bar).  Once the soil dries out to the point where the continuity of water films between 
the porous ceramic cup and the bulk soil is broken, the tensiometer will presumably read 
0 again until the soil wets again and matric potential transmission is re-established.  
 
Measurements from the tensiometers were meant to be used to further characterize water 
level heights at the Cedar Run Site, by identifying the timing of shifts between saturated 
and unsaturated conditions of the replaced topsoil layer and the upper part of the 
relatively impermeable clayey Bt or Btg horizon. 
 
The tensiometer models installed at the Cedar Run site had exhibited a highly accurate 
response to soil moisture changes in clayey soils in our greenhouse mesocosm 
experiment and had successfully recorded water potentials up to -80 kpa (-0.8 bar) with a 
hydrostatic pressure head resolution of up to 0.12 cm (0.05 in).  They were constructed of 
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a ceramic cup from Soil Moisture Equipment Corporation (www.soilmoisture.com) with 
a saturated hydraulic conductivity of 7.56 x 10-7 cm/sec attached to a rigid acrylic tube, 
pressure transducer, and data logger (Figure 15).  The pressure transducers (# 3669), and 
WatchDogTM data logger, Model 400, were products of Spectrum Technologies, Inc. 
(www.specmeters.com). 
 
As the soil decreased from saturation (0 net potential) to unsaturated (negative net 
potentials), a physical soil suction measurement was translated by the pressure transducer 
and stored by the datalogger. This was intended to allow direct comparison for those 
determined time intervals against apparent saturated water levels observed in the wells 
and other monitoring designs at each site.  
 

  
Figure 15. Custom-made tensiometers installed at the Cedar Run site. 

 
 
The WatchDogTM dataloggers stored data collected from all tensiometers at each plot.  
SpecWare 8 software was required to download data from the logger and export the data 
into an Excel format.  The resulting Excel file included date, time, and measured 
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potential (-kPa) from each of the three tensiometers.  Information from all tensiometers at 
all plots was then combined into one large file for use in other programs, such as 
MATLAB for creating graphs, or SAStm for analyzing data. 
 
After field placement of the tensiometers, we noticed that the pressure transducers would 
likely not withstand any submersion should the water levels at the Cedar Run site rise to 
cover them (Spectrum, Inc., personal communication). The tensiometers were then 
modified to withstand ponding (Figure 16). The acrylic tube was lengthened in place so 
the ceramic cup would presumably remain undisturbed in place. 

 
 
 

Figure 16. Original and modified tensiometer installations at the Cedar Run site. 
 

Manually Monitored Wells and Piezometers 

The manually monitored wells and piezometers consisted of 12 treatments (Table 2 and 
Figure 17) that were designed to test: 

 Different well bore packing and screen materials [sand, sandy clay loam (SCL), 
none]. 

Original Installation Modified for Deep Ponding 
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 Different PVC pipe diameters [1.3 cm (0.5 in), 1.9 cm (0.75 in), and 3.8 cm (1.5 
in)]. 

 The use of open unlined bore holes vs. wells vs. piezometers of various designs.   
 
The 12 treatments of the manual wells and piezometers were replicated three times 
(Replicates A, B, and C) within each of the three plots (1, 2, and 3) in the Cedar Run 
study site. These will henceforth be referred to as the manually monitored wells (or 
“manual wells”) even though they technically include both wells and piezometers.   
 
Table 2.  Manually monitored well treatments. There are three plots (Cedar Run 1, 2, and 
3) and three reps (A, B, C) per treatment, equaling 36 wells per site. SCL= sandy clay 
loam. 
 
Treatment 

number 
Description of   treatment 

1 1.9 cm (0.75”) open hole 

2 3.8 cm (1.5”) open hole 

3 1.9 cm (0.75”) well, sand, 7.0 cm (2.75”) hole 

4 3.8 cm (1.5”) well, SCL, 8.9 cm (3.5”) hole 

5 1.9 cm (0.75”) piezometer, sand, 7.0 cm (2.75”) hole 

6 1.5” piezometer, sand, 8.9 cm (3.5”) hole 

7 1.9 cm (0.75”) well, SCL, 7.0 cm (2.75”) hole 

8 3.8 cm (1.5”) well, sand, 8.9 cm (3.5”) hole 

9 1.9 cm (0.75”) well, no pack, tight fit 

10 3.8 cm (1.5”) well, no pack, tight fit 

11 1.3 cm (0.5”) ceramic piezometer, no pack, tight fit 

12 1.3 cm (0.5”) hand-cut piezometer, no pack, tight fit 

 
Evaluation of the water level data recorded at the replications of treatments 3 – 12 at each 
plot was used to determine the effects of 1) packing material and 2) pipe diameter on the 
accuracy and response time of the estimated water level in the wells and pressure head in 
the piezometers.  Comparisons between the water level data recorded at each 
replication/block of treatments 1 and 2 at each plot were used to determine the effect of 
open borehole diameter on the accuracy and response time of the treatment’s estimation 
of actual water height.  Evaluation of the differences in water level data recorded between 
open boreholes and manually monitored wells of the same diameter at each plot was used 
to determine the accuracy of the measurement of actual water height in the wells vs. open 
boreholes.  These measurements were also compared to those recorded at the USACE 
standard well to make a general determination of the difference in water level height 
estimation among the various manual vs. electronic well array treatments.   
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Figure 17. Manually monitored wells as installed (Plot 3A shown). 
 
Well screen for the 1.9 cm (0.75 in) and 3.8 cm (1.5 in) wells and piezometers was made 
of 91.4 cm (36 in) machine-slotted pipe, with areas taped off to replicate solid PVC 
above the desired slotting area of 30.5 cm (12 in; Figure 18).  All manually monitored 
wells had 30.5 cm (12 in) of slotted area, whereas the manually monitored piezometers 
had 5 cm (2 in) of slotted area.  The 1.3 cm (0.5 in) ID piezometers included two types: 
one with 5 cm (2 in) of hand-cut slots, and a separate treatment of a 5 cm (2 in) porous 
ceramic cup (acting as the open increment of the piezometer) affixed to the base of the 
pipe.   
 
The top of each pipe was diagonally cut to reduce suction pressure when removing the 
cap.  The inner surface of each cap was marked with the treatment number.  The lowest 
point of each treatment was set to 46 cm (18 in) below the soil surface.  Weatherproof 
“Gorilla Tape” was used to seal the excess slotting area and grey duct tape was used to 
mark the location of 46 cm (18 in) for installation purposes. 
 
Washed medium-grained sand was packed from the base of the well borings to 
approximately 5.1 cm (2 in) above the screened area, and the remaining annulus was 
filled to just below the soil surface with a 50-50 soil-bentonite mix.  A plug of pelletized 
bentonite was placed at the soil surface, and mounded slightly around the pipe, to prevent 
infiltration from ponded surface water. Washed medium sand was also packed from the 
base of the piezometers to approximately 2.5 cm (1 in) above the top of the slotting area, 
and the remaining annulus was filled to just below the soil surface with a 50-50 
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bentonite-soil mix.  Again, a plug of pelletized bentonite was placed at the soil surface, 
and mounded slightly around the pipe, to prevent infiltration from ponded surface water. 
 

 
 

Figure 18.  Examples of manually monitored wells, pre-installation. 
 

Data Collection 

Electronic Array 

The electronic sensors began recording data on 31 August 2009.  Data was stored in each 
unit’s datalogger and is downloaded at least monthly.  All electronic sensors were 
programmed to read and store data every 10 minutes.  The dataloggers were capable of 
storing one month of data at 10-minute intervals; data was downloaded from all sensors 
every 30 days or less.  This original data (.csv or other file type) was stored in the field 
computer’s corresponding program files and the converted Excel files are stored in more 
convenient project folders on the field computer’s C drive and backed up on two external 
hard drives.  During periods of unsaturated soil conditions (summer to mid-fall), more 
frequent visits were required to refill the tensiometer tubes, thus ensuring a continuous 
saturated/de-aired water column.  
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Manually Monitored Wells and Piezometers 

The manual wells were read bi-monthly from October 2009 until November 2010. The 
manual water level data (date, time, personnel, pipe # and height of water) was collected 
in a field notebook and transferred to an Excel spreadsheet.  Field books were stored with 
the individual collecting the data, and the Excel spreadsheets were stored on the field 
computer, with a back-up copy stored on an external hard-drive. 
 
The manually monitored wells and piezometers were read at the same point (marked with 
a dot/line on the inside and an arrow on the outside of the pipe) each time and notes were 
made of the height of water or if the well was dry.  The depth to water was measured 
from the top of the casing and the length of the protruding casing from the top of the 
casing to the ground was subtracted, thus providing the height of the apparent saturated 
water  level (in wells) or pressure head (in piezometers).  As noted in Sprecher (2008), all 
instruments being compared must have their relative elevations measured since the 
accurate interpretation of well readings depends on reference to base elevation datum.    
 
Water level height was recorded using an electronic water level indicator made by Slope 
Indicator (http://www.slopeindicator.com) that activates a light and tone when the sensor 
encounters water. To get an accurate reading, it was necessary to raise and lower the 
probe a few times. The measurement was then taken of the static water level height.  The 
sensor has a tip that protrudes 5.5 cm, and this length was accounted for when noting 
depth of bottom of well, or depth to ice.  
 

Weather Data 

Local weather information was recorded by an on-site weather station.  Weather data was 
collected by an on-site weather station and was downloaded monthly for use in daily 
summary information.  Weather data (air temperature, precipitation, wind speed and 
direction) was also obtained from the nearby Manassas Municipal Airport (14.5 km from 
the Cedar Run Site) for use as backup in the event of on-site station failure. 
 
The weather station was located in very close proximity to the plots and all sensors were 
located in the soil of two wetland cells directly adjacent to the cell with the study plots.  
Information recorded included air and soil temperature (⁰C), precipitation (cm), soil 
moisture (bars), and soil water content (% volumetric).  The station was equipped with 
Campbell Scientific instrumentation, and all technical information presented below has 
been summarized from the Campbell Scientific website (http://www.campbellsci.com/).   
 
The station’s data storage unit was the CR23X (now retired), which is capable of 
measuring most sensor types directly and communicating via modem or storing data on-
site.  Air and soil temperature were measured via the 107-L temperature probe, a 
thermistor with a range of -35 ⁰C to +50 ⁰C housed in epoxy-filled aluminum allowing it 
to function even in saturated soil conditions.  Soil temperature probes were installed at 
two depths, 25.4 cm (10 in) and 50.8 cm (12 in).  
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Precipitation was recorded using a CS700-L rain gauge.  This gauge was designed for 
accurate readings of high-intensity precipitation, allows collection of rain water for 
further analysis (if desired), and is capable of measuring over a range of 0 to 50 cm per 
hour. Soil moisture potential was determined using the Campbell Scientific 257-L 
sensor.  This sensor estimated moisture potential via electrical resistance (range 0 to -2 
bars; 0 to 200 kPa) with two electrodes housed in a reference matrix and protected 
against salinity and weather extremes, thus allowing year-round data collection. 
 
Soil water content was measured by the CS615-L probe (no longer used), which used the 
time-domain-reflectometry (TDR) method and connects directly to the CR23X.  Two 
stainless steel rods act as a wave guide and are connected to the output of a multivibrator.  
When the multivibrator switches states, the transition travels the length of the rods.  The 
length of this travel time depends on dielectric properties of the material surrounding the 
probes (water content is the main contributor to variations in the dielectric constant 
value).   
 

Results and Discussion: Cedar Run Field Site 

Study Area 

Location 

Phase III of the Cedar Run Wetlands Mitigation Bank (hereafter called the Cedar Run 
site), constructed and maintained by Wetland Studies and Solutions Inc., was chosen as 
the field site for this research based on site visits, soil borings, site construction plans and 
geologic boring information.  The Cedar Run Site is located southwest of the DC – 
Northern Virginia metropolitan area and just northwest of Quantico Marine Corps Base 
in Prince William County, Virginia (Figure 19). 

Climate 

The climate of Prince William County is temperate.  The average annual precipitation is 
about 101 cm (40 in).  The average temperature in July, the hottest month, is 24 °C and in 
Jan, the coldest month, 0 °C.  Table 3 gives the average monthly values for temperature 
and precipitation, from Washington-Dulles International Airport (National Climatic Data 
Center 2002), which is approximately 48 km away.  Rainfall is distributed fairly evenly 
throughout the year, but is highest in May and June and lowest from December through 
February.   

Geology and Soils 

The Cedar Run Site lies within the Triassic lowlands of the northernmost tip of Piedmont 
Physiographic Province where it meets the Blue Ridge Physiographic Province outside 
Manassas, Virginia.  Underlying the Triassic lowlands is a sedimentary basin, named the 
Culpeper Basin, formed by down-dropping of the adjacent Bull Run Fault (Comer 1976).   
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The Culpeper Basin rocks are part of the Newark Supergroup, an assemblage of Late 
Jurassic to Early Triassic continental sedimentary rocks and basalts that crop out in a 
series of elongated basins along the eastern margin of North America (Smoot and Olsen, 
1988). 
 

 
Figure 19. General location of the Cedar Run site. 
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Table 3.  Air temperatures, precipitation, and heating degree days, 1971-2000, at 
Washington-Dulles International Airport. 
 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
Minimum  
Temperature 
(°C) 

-5.6 -4.4 -0.1 4.6 9.9 15.0 17.8 17.1 13.1 5.7 1.0 -3.3 5.9 

Maximum  
Temperature 
(°C) 

5.2 7.5 12.8 18.8 23.7 28.2 30.8 29.4 26.1 19.8 13.6 7.7 18.7 

Mean  
Temperature 
(°C) 

-0.2 1.6 6.3 11.7 16.8 21.6 24.3 23.6 19.6 12.8 7.3 2.2 12.3 

Average  
Precipitation 
(cm) 

7.7 7.0 9.0 8.2 10.7 10.3 9.1 9.6 9.7 8.6 8.4 7.8 106.2 

Heating 
Degree Days 

1025 847 670 362 139 21 1 4 60 323 589 884 4925 

Cooling Degree 
Days 

0 0 4 11 60 203 345 302 132 15 3 0 1075 

 
 

Soil Descriptions   

Soils at Plots 1 and 2 (Figures 5 and 20; Tables 4 and 5) very closely matched the 
horizonation, color, texture, and structure of the typical pedon of the Albano silt loam 
(https://soilseries.sc.egov.usda.gov/OSD_Docs/A/ALBANO.html). Soils at Plot 3 (Figure 
20; Table 6) were found to be much lighter in color than the mapped Dulles silt loam 
(https://soilseries.sc.egov.usda.gov/OSD_Docs/D/DULLES.html) and did not fall within 
the range of characteristics of the series.  The described soil at Plot 3 much more closely 
matched the adjacently mapped Albano series both in matrix color, texture, as well as 
redox feature color and abundance.  Measured depths at Plot 3 were also found to be 
much deeper than those listed for the series range.  All plots at the Cedar Run Site were 
described as including a lithologic discontinuity at roughly 180 cm (71 in) [158 cm (62 
in) at Plot 2) where locally mobilized material (alluvium and/or colluvium) overlaid 
weathered saprolite, thus matching the Albano series description but not that of the Aden 
series.  A revision to the Albano series description notes that the C and R horizons were 
changed to 2C and 2R in 2005.  
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Figure 20. Photographs and overall horizon morphology for profiles from deep 
piezometer installation at the Cedar Run Site (depth in cm). 
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Table 4. Soil description for Cedar Run deep piezometer installation at Plot 1 (see Schoeneberger et al., 2002 for key to 
abbreviations). 
 

Horizon 
Depth 
(cm) 

Bound 
Rocky 

Modifier 
Texture Color 

Redox concs 
(%  vol) 

Color 
Structure 

Size/ 
Grade 

Shape Consistence 

 
Roots 

 
Pores 

Abundance, Size 

Oe 0-2 A, S - - - - - - - - - - 

Ap1 2-15 C, W - SiL 
10YR 

4/4 
2 

7.5 YR 
4/6 

F&M / 2 SBK VFR 
M / 

F+VF 
C, V 

Ap2 15-30 A, W - SiL 
2.5Y 
4/3 

2 
7.5 YR 

4/6 
M&CO / 

2 
SBK FR 

C, F / 
M, VF 

C, VF 

Bt 30-88 G, W - SiC 
2.5Y 
5/4 

<2 
2.5Y 
5/2 

M&CO / 
3 

SBK VFI C / VF F, VF 

Btg 88-120 G, W - SiC 
2.5Y 
5/1 

25 5YR 4/6 M / 2 SBK VFI F / VF F, VF 

B't 120-171 G, W 2 CL 
10YR 

4/6 
30 

2.5Y 
6/1 

M / 2 SBK FI F / VF C, V 

BCt 171-183 A, W Gr 20 CL 
2.5YR 

3/6 
- - M / 1 SBK FR - F, V 

2Cr 183+ - - - - - - - - - - - 
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Table 5. Soil description for Cedar Run deep piezometer installation at Plot 2 (see Schoeneberger et al., 2002 for key to 
abbreviations). 
 

Horizon 
Depth 
(cm) 

Boundary 
Rocky 

Modifier 
Texture Color 

Redox 
Concs. 

(%  vol) 

Redox 
Concs. 
Color 

Structure 
Size/ 

Grade 

Structure 
Shape 

Consistence 

 
Roots 

 

 
Pores 

 

Abundance/Size 

Oe 0-2 A, S           

Ap1 2-12 C, W - SiL 
10YR 

4/4 
2 

7.5 YR 
4/6 

M+C / 1 SBK F 
M / 

F+VF 
C, VF 

Ap2 12-30 A, S  SiCL 
2.5Y 
5/4 

5-10 
7.5YR 

5/4 
- - VFI 

M / 
F+VF 

C, F & V 

Bt1 30-60 A, S  SiC 
10YR 

4/4 
5 

2.5Y 
5/2 

F&M / 2 SBK VFI F / VF F, VF 

Bt2 60-122 C, W 2 C 
7.5YR 

4/4 
30 

2.5Y 
5/1 

M, CO / 3 SBK FI F / VF C, F & VF 

BCt 
122-
158 

A, W GR CL 
5YR 
4/4 

<2 
10YR 

5/? 
CO / 1 SBK FR F / VF F / VF 

2Cr 158+ - - - - - - - - - - - 
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Table 6. Soil description for Cedar Run deep piezometer installation at Plot 3 (see Schoeneberger et al., 2002 for key to 
abbreviations). 
 

Horizon 
Depth 
(cm) 

Boundary 
Rocky 

Modifier 
Texture Color 

Redox 
Concs. 

(%  vol) 

Redox 
Concs. 
Color 

Structure 
Size/ 

Grade 

Structure 
Shape 

Consistence 

 
Roots 

 

 
Pores 

 

Abundance/Size 

Oe - - - - - - - - - - - - 

Ap1 0-19 A, S 2 L 
10YR 

4/4 
  F, M / 2 SBK F 

M / 
VF+F 

C, 
VF 

Ap2 19-35 C, S 5 L 
2.5Y 
3/2 

5 5 YR 3/4 
M, CO / 2 SBK F 

C / 
VF+F 

F, VF 
20 10YR 4/6 

Btg1 35-110 A, W 2 C 
2.5Y 
6/2 

2 10YR 5/8 F, M / 3 SBK VFI 
F / 

VF+F 
F, V 

Btg2 
110-
131 

C, W 2 C 
2.5Y 
6/2 

5 5YR 4/6 M, CO / 3 SBK VFI - F, VF 

Btg3 
131-
167 

C, W 2 C 
2.5Y 
6/2 

20 10YR 5/8 - / 3 SBK VFI - F, VF 

BCt 
167-
180 

C, W 2 CL 
5YR 
4/6 

- - W / 1 SBK FI - F, F 

2Cr 183+ A, S - - - - - - - - - - 
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Soil Chemical and Physical Analyses 

Soil pH, Mehlich-1 extractable nutrients, and particle size analysis for the three soil profiles 
sampled at Plots 1, 2, and 3 is presented in Tables 7 and 8. 
 
Table 7. Soil pH and Mehlich-1 extractable nutrients for soil profile samples taken at Cedar Run. 
  

Plot Number Soil Horizon Soil pH 
P K Ca Mg Zn Mn Cu Fe B 

--------------------------- mg/kg --------------------------- 

1 ^Ap1 5.47 6 60 728 93 0.8 60.3 1.3 70.4 0.2 

1 ^Ap2 5.75 5 34 841 117 0.7 104.6 0.9 35.1 0.2 

1 Bt 4.47 2 47 516 168 0.9 65.7 1.3 25.9 0.1 

1 Btg 4.34 2 28 488 181 0.7 14.0 1.0 44.7 0.1 

1 B't 4.39 2 45 572 270 1.1 29.6 1.5 37.2 0.1 

1 BCt 4.38 2 56 782 458 0.9 5.5 1.1 12.9 0.2 

2 ^Ap1 5.53 6 52 757 107 0.7 96.2 1.1 114.5 0.3 

2 ^Ap2 6.88 3 37 1269 148 0.6 41.8 0.7 23.5 0.2 

2 Bt1 4.45 2 41 556 235 0.7 88.7 0.9 22.0 0.2 

2 Bt2 4.17 2 50 401 361 1.0 21.0 1.4 40.2 0.2 

2 BCt 4.18 2 46 318 320 1.2 12.0 1.1 33.4 0.2 

3 ^Ap1 4.88 5 49 438 86 0.7 125.9 0.8 128.8 0.2 

3 ^Ap2 4.91 7 29 637 107 1.6 196.3 0.9 112.0 0.2 

3 Btg1 4.24 2 38 412 335 0.8 12.8 1.2 12.0 0.1 

3 Btg2 4.09 2 46 490 408 0.8 2.5 1.3 7.3 0.2 

3 Btg3 4.92 2 44 548 425 0.8 2.1 0.9 5.6 0.1 

3 BCt 4.72 2 50 599 431 0.8 5.7 0.8 8.8 0.2 
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Table 8. Particle size analysis and soil textural class for soil profile samples from Cedar Run. 
 
 

Plot 
# 

Soil 
Horizon 

Very 
Coarse 
Sand 

Coarse 
Sand 

Medium 
Sand 

Fine 
Sand 

Very 
Fine 
Sand 

Total 
Sand 

Coarse 
Silt 

Mediu
m Silt 

Fine 
Silt 

Total 
Silt 

Total 
Clay 

Textural 
Class 

------------------------------------------------------------------- % ------------------------------------------------------------------  
1 ^Ap1 0.4 1.2 3.1 6.4 6.8 17.8 12.4 33.1 10.2 55.7 26.5 SIL 
1 ^Ap2 1.2 2.4 4.7 9.4 7.3 25.0 1.0 17.9 17.5 36.4 38.6 CL 
1 Bt 0.3 0.7 1.5 4.3 6.2 13.0 9.0 23.9 10.3 43.2 43.9 SIC 
1 Btg 0.4 0.6 1.4 0.1 9.7 12.2 8.2 29.1 4.4 41.7 46.2 SIC 
1 B't 0.7 1.3 1.8 5.4 7.7 16.9 9.2 20.3 5.4 34.9 48.2 C 
1 BCt 2.1 3.1 3.8 4.6 7.0 20.6 6.3 23.4 10.8 40.5 38.9 CL 
2 ^Ap1 0.4 2.1 5.8 10.4 7.8 26.5 11.7 31.1 8.7 51.4 22.1 SIL 
2 ^Ap2 0.2 1.6 3.8 7.2 6.2 19.0 11.2 27.6 6.8 45.6 35.4 SICL 
2 Bt1 0.9 1.3 2.7 4.2 4.3 13.6 6.9 23.3 7.6 37.8 48.6 C 
2 Bt2 1.5 2.5 5.3 5.6 3.1 18.0 1.8 11.4 5.4 18.6 63.5 C 
2 BCt 3.7 4.7 7.6 12.2 6.4 34.6 4.0 17.3 5.4 26.7 38.7 CL 
3 ^Ap1 0.7 2.4 3.6 0.2 10.7 17.6 9.2 38.1 8.0 55.4 27.0 SIL 
3 ^Ap2 1.5 3.3 5.4 8.7 5.1 24.1 8.0 32.6 10.4 51.0 25.0 SIL 
3 Btg1 0.0 0.1 0.6 1.6 5.6 7.9 6.6 26.7 5.9 39.2 52.9 SIC/C 
3 Btg2 0.3 0.4 0.8 3.2 6.4 11.1 10.4 21.2 6.9 38.6 50.2 SIC/C 
3 Btg3 0.2 0.4 1.2 4.5 8.5 14.8 10.5 20.8 6.3 37.5 47.7 C 
3 BCt 1.3 2.0 4.1 6.4 6.1 19.8 12.6 31.3 14.9 58.8 21.4 SIL 
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As stated earlier, the EM38 meter was used for spot checking areas of apparent conductivity, and 
these findings were verified with soil borings.  The soil borings at the site revealed an association 
between changes in apparent conductivity and changes in soil characteristics (Table 9). An 
increase in apparent conductivity was thought to be associated with an increase in clay content 
and/or thickness of the finer textured subsoil layers, across the survey area. Areas B and C were 
associated with higher apparent conductivity. Areas B and C contained thicker layers of clay and 
the clay content appeared to be higher in the subsoil, as compared to areas A, D, and E. Areas A, 
D, and E contained noticeably less clay in the subsoil and also thinner subsoil layers.  
 
 
Table 9. Location, subsoil texture, thickness of clay layer, and apparent conductivity of soil 
borings.  
 

Location Subsoil Texture 
Estimated 
Clay (%) 

Thickness of 
Clay Layer 

 

Apparent Conductivity 
(mS/m) 

EM38 Meter Vertical 
Dipole Orientation 

(0 – 1.5 m) 

A clay/clay loam 45-34 37 in. (94 cm) 17 

B clay 60 66 in. (168 cm) 35 

C clay loam/clay 32-60 28 in. (71 cm) 31 

D clay/clay loam 45-33 22 in. (56 cm) 11 

E 
clay(thin)/silty clay 
loam/clay loam 

26-45 30 in. (76 cm) 17 

F silty clay loam† 38 12 in. (30 cm) 45 

†Unusually high amount of black minerals observed (thought to be manganese) 
 
The relationship between soil and apparent conductivity observed near area F was outside the 
norm for the site. Higher apparent conductivity was observed near F but a relatively lower 
amount of clay was observed throughout the soil profile. A soil boring at F revealed unusually 
high amounts of black minerals thought to be manganese throughout the profile. It is not known 
whether contributions to higher apparent conductivity resulted from the unusually high amounts 
of the black minerals at this location. 
 
Overall, an association between changes in apparent conductivity and changes in soil 
characteristics was observed across the site. An increase in apparent conductivity was thought to 
be associated with an increase in clay content and/or clay horizon thickness across the survey 
area. Changes in spatial patterns observed across the survey area were thought to be associated 
dominantly with changes in soil characteristics related to the “original/naturally formed” 
underlying soils at the site (prior to the construction of the wetlands). The result of the EMI study 
also showed that, of the two cells of the Cedar Run Wetlands Mitigation Bank surveyed, the 
proposed area selected by W. Lee Daniels for the field sensor and well study appeared to be one 
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of the most uniform in the wetland in terms of subsoil clay content as indicated by EMI 
signature.   
 

Field Site Variability Characterization 

Electromagnetic induction (EMI) data gathered at the Cedar Run site indicated that apparent 
conductivity averaged about 18.5 mS/m with a range of 0.8 to 32.7 mS/m. One-half the 
observations had values of apparent conductivity between about 15.9 and 20.9 mS/m. The entire 
area was inundated with water which hampered the EMI pedestrian survey and made walking 
difficult at times. Water depths ranged from approximately 8-25 cm (3-10 in) across the survey 
area. However, the EMI data was thought to be of good quality even though surveying 
conditions were less than desirable. 
 
The survey completed with the Dualem-2 meter in the deeper sensing horizontal coplanar (HCP) 
geometry (0 - 3.0 m) resulted in a better quality interpretative spatial map (apparent 
conductivity) of the area and its associated underlying subsurface characteristics (Figure 21) than 
that resulting from the shallower sensing perpendicular (PRP) geometry (0-1.3 m; Figure 22). 
Spatial patterns observed in the deeper sensing horizontal coplanar (HCP) geometry were 
thought to be associated dominantly with changes in soil characteristics related to the 
“original/naturally formed” soil material (underlying soils) at the site formed prior to the 
construction of the wetland.  
 
The map resulting from the shallower sensing PRP geometry (0 - 1.3 m) was more homogenous 
in appearance and was thought to be a result of the large amount of fairly homogeneous soil 
material being distributed during the construction of the wetland. The surface water and high 
vegetation across the survey area necessitated the meter to be carried at hip height. This reduced 
the overall effectiveness of the shallower sensing PRP geometry and introduced a column of air 
(approximately 1.0 m) into the 1.3 meter effective penetration depth (PRP geometry). Only 
contributions to apparent conductivity from the very near surface were thought to be reflected in 
spatial maps resulting from the PRP geometry.  
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Figure 21. Spatial pattern of apparent conductivity measured with the Dualem-2 meter in the 
horizontal co-planar (HCP) geometry (0 – 3.0 m) at the Cedar Run Wetlands Bank site. Apparent 
conductivity is measured in mS/m (millisiemens/meter). The final field well monitoring arrays 
were located just north of Location A in this figure.  
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Figure 22. Spatial pattern of apparent conductivity measured with the Dualem-2 meter in the 
perpendicular (PRP) geometry (0 – 1.3 m) at the Cedar Run Wetlands Bank site. Apparent 
conductivity is measured in mS/m (millisiemens/meter). 
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Well, Piezometer, and Tensiometer Data: Electronic Array 

Overview 

In addition to the replicated electronic and manual well arrays reported here, Troyer (2013) 
presents graphical data for soil and air temperature, precipitation, water potential and volumetric 
water content as measured/estimated by the local Campbell Scientific weather station and in-soil 
probe array.  
 
In general, both the electronic sensors in the shallow and intermediate piezometers and in the 
USACE standard well presented a relatively similar picture of recorded water levels and the 
overall hydroperiod in all three plots at the Cedar Run site (Figures 23 through 25). More 
detailed views of water level data for selected intervals at Plots 1 and 3 (Figures 26 through 28) 
indicate that the sensors in the USACE well, the shallow piezometer, and the intermediate 
piezometer responded relatively quickly to precipitation. Thus, we did not note a significant “lag 
time” in water level response in these very high clay soils. Thus, previous literature reports of the 
potential for up to a day or more of lag time were not observed in this study.   
 
At all three plots, we expected that the USACE well would record an average water level 
elevation between that of the shallow and intermediate piezometers since the slotted/screened 
area of the USACE well crossed the textural discontinuity that separated the two piezometers.  
At Plot 1, when ponded, the shallow and intermediate piezometers and the USACE well mostly 
tracked with each other well (Figure 23).  The main difference was that the shallow piezometer 
was more responsive to precipitation events (e.g., “flashy” when the site was ponded) while the 
intermediate piezometer and USACE well did not show the same rapid response to precipitation 
events.   During drying cycles, the shallow piezometer also recorded lowered water levels before 
the other two.  The USACE standard well worked as anticipated at Plot 1, typically (but not 
uniformly) projecting an average water level between the shallow and intermediate piezometers. 
 
Similarly, when Plot 2 was ponded, the shallow piezometer and USACE well tracked together 
with precipitation events (Figure 24). That being said, the shallow piezometer at Plot 2 recorded 
consistently higher water levels over the summer of 2010, indicating some extent of local 
“perching”.  The intermediate piezometer at Plot 2 was also less responsive to precipitation and 
recorded a consistently higher water level elevation during the ponded winter period of 
2009/2010 and then lower levels during the first half of the following winter. At Plot 3 (Figure 
25), however, the USACE well recorded consistently higher water level elevations than the 
shallow or intermediate piezometers during all seasons, and especially during times of ponding. 
 
As discussed below in more detail, two of the shallow piezometers generated questionable water 
level data in certain time periods. It is also interesting to note that by contrasting the intermediate 
vs. shallow piezometers, one could potentially attempt to interpret local gradients to some extent, 
which were inconsistent across sites and seasons.  However, the offset of these open screen 
intervals was only 10 cm, so that interpretation would need to be done with caution.  
 
Later in this section, we contrast the water level response of the three near surface sensors with 
(a) the deep piezometers and (b) periodic manual measurements of surface ponding which does 
allow for a direct interpretation of gradients and the performance of the near surface sensors.  
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Figure 23. Water level elevation data for three water level sensors at Plot 1 of the Cedar Run Site, plotted with precipitation. 
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Figure 24.  Water level elevation data for three water level sensors at Plot 2 of the Cedar Run Site, plotted with precipitation. 
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Figure 25.  Water level elevation data for three water level sensors at Plot 3 of the Cedar Run Site, plotted with precipitation. 
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Figure 26.  Detailed view of water level data from electronic sensors at Plot 1 of the Cedar Run site, with corresponding precipitation 
events, during winter-spring-summer surface water draw-down, from January 2010 through August 2010. 
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Figure 27.   Detailed view of water level data from at electronic sensors at Plot 1 of the Cedar Run site, with corresponding 
precipitation events, during summer-winter transition to ponding from August 2010 through January 2011. 
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Figure 28.   Detailed view of water level data from electronic sensors at Plot 3 of the Cedar Run site, with corresponding precipitation 
events, during winter-spring-summer surface water draw-down from February 2010 through August 2010. 
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Shallow Piezometers 

Overall, the shallow piezometers with Globaltm sensors installed at 36 cm to keep them above the 
significant Bt horizon clay layer were flashier at all three sites, indicating that this sensor was 
more accurately displaying the surface water level dynamics during periods of ponding.  
However, these sensors seemed to give inaccurate water level elevations in times of falling water 
level and during dry conditions in late summer/early fall when compared to soil moisture 
observed through other means (tensiometers, soil moisture probes, and gravimetric soil moisture, 
as discussed later). 

Plot 1 

Immediately after installation, the Globaltm sensor in the shallow piezometer at Plot 1 seemed to 
“flatline” at a sensor depth higher (-27 cm; Figure 23) than the -36 cm at which it was originally 
installed.  Following re-wetting of the soil and ponding in fall/winter, it seemed to recalibrate 
itself and during subsequent water draw-down periods it appeared to accurately record water 
levels down to just above the installed -36 cm depth.  However, at one dry period the following 
summer (2010), immediately following a rain event, it appeared to be recording water levels 
lower than -27 cm and then “flatlined” again at -27 cm depth.   

Plot 2 

Initially in the late summer of 2009, the Globaltm sensor in the shallow piezometer at Plot 2 also 
seemed to have a similar “flatline” problem, recording a slightly shallower 0.0 point than the one 
at which it was installed (-34 cm instead of -36 cm; Figure 24).  The sensor then appeared to 
respond appropriately the rising water table in the fall of 2009 and did not “flatline” again over 
the study period. During the growing season draw-down, this sensor was responsive to 
precipitation events and appeared to accurately track water level elevations above its installed 
depth, indicating significant saturated water levels within the topsoil layer at this plot.   

Plot 3 

The Globaltm sensor at Plot 3 also “flatlined” at a sensor depth higher than installed (-25 cm vs. -
30 cm; Figure 25).  Although this sensor seemed to respond well to precipitation events, during 
ponded conditions the water level height recorded was consistently (and sometimes largely) 
below the elevation recorded by either the intermediate piezometer or the USACE well.  During 
draw-down, this sensor briefly dipped lower than -25 cm but then usually “flatlined” during 
times of extremely dry soil conditions.  During fall/winter 2010/2011 ponded conditions, this 
sensor never recorded water level elevations above the soil surface, which was clearly 
inaccurate, as established by our field observations and other sensor water level recordings.  
Interestingly, as discussed below, the intermediate piezometer at this plot also recorded water 
level elevations below the soil surface for most of this time period, and only briefly recorded 
ponded conditions in December 2010 and January 2011. 
 
It is important to note that the Global sensor also exhibited a similar “failure to rebound 
correctly” behavior in the mesocosm studies performed by Dr. Hassan that are not included here. 
this appeared to occur consistently after water levels dropped below the sensor and then rose 
again. This is apparently due to issues with their vented design vs. the Onset Hobos.  
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Intermediate Piezometers   

As discussed earlier, the intermediate piezometer (RDS recorder) at each plot was installed with 
the slotted area within the Bt or Btg clay layer, at -46 cm (18 in) from the soil surface.    

Plot 1 

At Plot 1, the intermediate piezometer recorded slightly higher water levels (Figures 23 and 26) 
over the first year than the USACE well, which was installed at the same depth but open 
screened across the textural discontinuity above.  Following installation in the fall of 2009, the 
site water level rapidly increased, and this intermediate piezometer recorded higher water levels 
than the USACE well until draw-down in spring/summer.  Between August and October 2010, 
this piezometer generally recorded lower levels than the USACE well, except after a particularly 
heavy rain event in mid-August. When the site became wet again in the fall and winter of 
2010/2011, this piezometer also typically recorded water levels below those recorded by both the 
shallow piezometer and the USACE well.   

Plot 2 

Following installation at Plot 2 (Figures 24 and 27), the sensor in the intermediate piezometer 
recorded lower values than the installation depth of -46 cm for a short period. In addition, this 
intermediate piezometer did not track as closely with the USACE well as the intermediate 
piezometers in Plots 1 or 3 (see Figures 23 through 28).  The piezometer took longer in the fall to 
record ponding and then consistently recorded deeper ponding (higher water level heights) than 
the USACE well, regardless of precipitation events.  In April 2010, just before draw-down, this 
piezometer was slower to record drying soil conditions, and during the growing season, was not 
as responsive to precipitation events.  The sensor in this piezometer also recorded very low water 
levels during the growing season, and even recorded depths lower than the sensor 0.0 point, for 
some unidentified reason.  In addition to this, the piezometer also responded quite slowly to the 
change from dry to wet conditions in fall 2010, despite the relatively rapid response recorded by 
the other sensors in the shallow piezometer and USACE well.  

Plot 3 

During ponded conditions at Plot 3 (see Figures 25 and 28), the intermediate piezometer 
recorded median water level elevations between the shallow piezometer and the USACE well.  
For the period of the growing season draw-down, however, this piezometer recorded slightly 
lower water level elevations than the USACE well.   
 
As discussed above, it is tempting to draw conclusions about local gradients based on the offset 
between the shallow and intermediate piezometers, but that must be tempered by (a) the fact that 
the actual elevation offset was only 10 cm and (b) both sensors provided what appears to be 
erroneous water level data at certain times of the year.  
 

USACE Standard Wells  

The USACE wells were installed with their open slotted section across the textural discontinuity 
at each site and, as stated earlier, we hypothesized that the water levels recorded by this well 
would roughly correspond to the median water level measured between the two piezometers 
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installed above and below the textural/density discontinuity between the replaced Ap and 
cut/smeared Btg horizons.   However, we did not observe this with any consistency at the Cedar 
Run site. 

Plot 1 

At Plot 1, the USACE well performed as we expected by seeming to average the water level 
elevations recorded from the shallow and intermediate piezometers (see Figures 23 and 26).  All 
three of the sensors tracked similarly at Plot 1, although the USACE well was less flashy than the 
shallow piezometer and recorded shallower depths than the intermediate piezometer. The 
USACE well sensor at this plot seemed less responsive to precipitation events than the shallow 
piezometer, but more responsive than the intermediate piezometer, which showed relatively slow 
response to rain events.   

Plot 2 

From the first major precipitation event in October 2009 through to the beginning of draw-down 
in late April 2010, both the USACE well and the shallow piezometer at Plot 2 recorded very 
similar water level heights (Figures 24 and 27). During the subsequent 2010 growing season dry 
period, these two sensors recorded different water level heights, but were similarly responsive to 
precipitation events, although the shallow piezometer was flashier. During the wet-up period that 
started in early October 2010, both sensors again measured very similar water level heights, with 
the exception of those measured during the period of low precipitation in December 2010 and 
January 2011. As mentioned in the previous section, water levels measured by the USACE well 
generally did not track with those measured by the intermediate piezometer. 

Plot 3 

At Plot 3 (Figures 25 and 28), the USACE well initially recorded a lower elevation that that at 
which it was installed (-50 cm vs. -46 cm).  Once the site became saturated during fall 2009, the 
USACE well recorded consistently higher water level elevations than both the shallow 
piezometer and the intermediate piezometer.  During the subsequent 2010 growing season draw-
down, it recorded slightly higher water level elevations than the intermediate piezometer and, as 
expected, much lower elevations than the shallow piezometer.  During the fall/winter 2010/2011 
wet period, this USACE well again recorded higher (ponded) water level elevations than either 
the shallow or intermediate piezometer. 
 

Deep Piezometers  

The water level/head values recorded by the deep piezometers (open from 172 to 177 cm) at each 
site produced surprising data (Figure 29). The deep piezometers were installed in the lower BCt 
or Cr horizons grading into saprolite and presumably reflect a combination of local groundwater 
contributions along with downward seepage from the overlying weathered soil zone.  As 
expected, the deeper groundwater and near-surface water levels were found to be “unconnected” 
at the site for a majority of the year. The response of the deep piezometers was not synchronized 
with that of the shallow and intermediate piezometers, and showed no discernible response to 
rainfall.  Recorded high groundwater elevations were roughly opposite of the water level 
elevations recorded by the shallow and intermediate piezometers and the USACE wells, with the 
water level elevations recorded by the deep piezometers (> 1.2 m) being highest during the 
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growing season and lowest during the time of surface water ponding in fall/winter.  Although the 
deep piezometers at Plots 2 and 3 (Figure 29) did exhibit some minor peaks in the fall and winter 
of 2010 and 2011, these did not seem to be related to local precipitation events.   
 
Another feature of note in Figure 29 is the extremely short term rise in Plot 3 in March 2010 
followed by the sharp drop in July. We hypothesized that the sharp rise in March resulted from 
the opening of macropores (vertical cracks in the shrink-swell soil above) opening which then 
rapidly filled the annulus.  After we observed the well for several months to confirm that the 
recorded levels were accurate for this well, we then manually evacuated the well in July.  
Beyond that point, the water levels continued to rise during the dry season, potentially 
confirming our assumptions of downward “leakage” from higher soil layers.  
 
Taken together with the combined data for the three near-surface piezometers and wells, these 
data clearly confirm that (a) the hydrology of the created wetland is clearly “perched” (epiaquic)  
and (b) that no seasonal pulse of local groundwater was occurring at this site. In contrast, it does 
appear that local groundwater here is recharged in the summer due to subsoil cracking and local 
downward percolation of the water from the epiaquic zone.  
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Figure 29.  Water levels in the deep piezometers (open at 172 – 175 cm) at the Cedar Run site.
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Long-term Evaluation of Electronic Wells under Ponded Conditions 

As noted earlier, we did manually measure and check the accuracy of the electronic wells and 
sensors on several occasions during the first year of study (2009 to 2010).  On most occasions, 
the manually measured water levels were within 2 to 3 cm or less of the recorded levels. 
However, during the 2010 monitoring year, we noticed on several occasion, the surface of Plot 3 
was not ponded while most (or all) of the electronic wells were indicating slightly to 
significantly ponded conditions.  It was also clear by that time that the different electronic 
sensors and manual wells were collectively projecting different apparent water levels (Figures 23 
- 28) on most monitoring dates and that those differences were often most pronounced under 
winter ponded conditions.  
 
Therefore, beginning in March 2011 we made a static reading (using a simple ruler) of the actual 
ponded water level at plot center every time we visited the site for monthly data downloads and 
well maintenance. Thus, these data also present an extended time period for most of the wells 
and piezometers onsite beyond that reported by Troyer (2013) presented above.  The extended 
long-term electronic well data through January 2013 are presented in Figures 30 - 32. The red 
number that appears across the top of those graphs is the static standing water depth measured 
for each date.  Several sensors (particularly the Global piezometers at 30 cm) either failed 
entirely (e.g., Plot 2) or behaved erratically (e.g., Plot 3), so the data sets are not as complete for 
all sensors and depths as for the first full monitoring year. Regardless, we gained a number of 
valuable insights from this longer-term monitoring effort. 
 
First of all, the overall hydroperiod for 2011 to 2013 was very similar to that reported earlier for 
2009 to 2010.  Winter high/ponded levels were consistent from year-to-year, the summer draw-
down occurred rapidly, and all three sites responded similarly to a series of heavy precipitation 
events in July of 2012. Across all three sites, the USACE standard well (with RDS 
instrumentation) produced the most reliable representation of the actual ponded water levels on a 
given date. The piezometers installed to the same overall depth (RDS at 46 cm) also produced a 
reasonable prediction, but seriously under-predicted ponding in Plot 3 for the entire period and 
over-predicted it for the winter of 2011 on Plot 1. Similar issues were seen at Plots 2 and 3 in the 
winter ponded season. Of course, the open increment on that sensor was essentially isolated > 35 
cm away from the surface and this lack of correspondence could be expected. Unfortunately, the 
Global sensors did not function properly over any significant period of time, so we were not able 
to evaluate them for this purpose (accurate projection of ponding).  
 
It is important to point out, however, that even though the RDS instrumented “standard USACE 
well” did appear to track the winter ponded conditions effectively, there were numerous 
occasions (e.g., Plot 1 – June 2011 and Plot 3 – March 2012) where the standard well was 
projecting apparent ponded levels that were at least 5 to 10 cm higher than actually measured 
onsite for those dates. We have no hypothesis or rationale for this behavior, but it was certainly 
surprising. However, this may be an expression of the “lag time” concerns reported by other 
researchers. Regardless, we do find it encouraging that the standard USACE well design 
currently employed for monitoring performed as well as it did over an extended three year 
period. 
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Figure 30. Water levels recorded by electronic wells as compared to ponded water levels at Plot 1 from March 2011 to January 2013. 
Red values across the top of the water level graphs are for manual static readings (cm) taken monthly and represent the actual ponded 
water level on those dates.  
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Figure 31. Water levels recorded by electronic wells as compared to ponded water levels at Plot 2 from March 2011 to January 2013. 
Red values across the top of the water level graphs are for manual static readings (cm) taken monthly and represent the actual ponded 
water level on those dates.  
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Figure 32. Water levels recorded by electronic wells as compared to ponded water levels at Plot 3 from March 2011 to January 2013. 
Red values across the top of the water level graphs are for manual static readings (cm) taken monthly and represent the actual ponded 
water level on those dates.  
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Performance of Tensiometers for Prediction of Change in Saturated Zone Conditions 

Our experience in the preliminary mesocosm trials (not reported here) on campus at Virginia 
Tech indicated that as expected, properly deployed and functioning tensiometers can be used to 
determine when the soil zone around them changes from saturated to unsaturated (via 
development of tension or suction) as the water table fall through their installed elevation.  
Tensiometers can also be used to sense when the water table rises up through formerly dry soil as 
the tension (or negative matric potential) will quickly transition from net negative 10 to 30 kpa 
(e.g., field capacity) to zero upon complete saturation.   
 
We were particularly interested in using the tensiometers as part of the electronic monitoring 
arrays at Cedar Run 3 to help us determine the more precise date that the local water table 
(saturated zone) fell below the critical 30 cm (12”) depth for wetland hydrologic determinations 
in the spring and correspondingly when the water table rose back to and above that depth in the 
fall. Our plan was to then use the tensiometers to pin down when the actual water table passed 
though these depths (either up or down) to then use those data to confirm which of the various 
electronic and manually monitored wells was projecting the most accurate estimate of the water 
level surface on those critical dates. Thus, we installed a set of tensiometers at 15 cm and 30 cm 
at each plot center as part of the electronically monitored arrays.   
 
Unfortunately, for a number of known and unknown reasons, we were not successful in 
obtaining reliable tensiometer data for any significant period of time that met our objectives. The 
tensiometers were subject to solar degradation of plastic components, needed to be carefully 
refilled with water and reset frequently, and periodically produced bizarre readings (e.g., very 
negative potentials when ice formed on the surface).  Furthermore, as discussed in detail below, 
more often than not, they simply did not record and respond within the expected range of 
(negative) 10 to 80 kpa.  
 
Figure 33 shows the overall response of the 30 cm (12”) tensiometer at Plot 1 between late 
March and June of 2010 as the site dried down initially and then went through a significant wet-
dry cycle in response to several major rain events in mid-May.  For all time periods on all plots, 
this response was one of the very few that approached our pre-installation expectations. First of 
all, it is notable that the tensiometer always recorded some level of negative potential even when 
the site was clearly ponded. Secondly, we would expect the negative potential/tension in a fine 
textured soil like this to be somewhere between  -20 and -30 kpa at field capacity and quickly 
drop towards ~-80 kpa as the soil dried around it.  However, this tensiometer never dropped 
below -15 kpa.  By mid-May, all three water level sensors indicated that the saturated zone was 
at or below 30 cm and the tensiometer readings did drop from (negative) 3 to 12, but the 
response appeared to be time-lagged by at least several days (Figure 34).  The tensiometer then 
appeared to respond quickly to rain event as the water table rose by it again and the readings 
returned up to- 4 to -5 kpa. However, the tensiometer response for the remainder of May/June 
was aberrant and essentially the reverse of expected behavior (Figure 35).  
 
Another example of the inconsistent performance of the tensiometers is shown for Plot 3 in 
Figures 35 and 36.  As the site undergoes its significant and deep spring “dry down”, and all 
three water level sensors indicate the water table is at < -30 cm, neither the 15 or the 30 cm 
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tensiometer show any response whatsoever (Figure 36).  In contrast, both tensiometers indicate 
net negative potentials by later in the spring (Figure 37) and do show a direct and expected 
response to the water table rising past them. However, this response was still muted relative to 
our expectations.  
 
Why did the tensiometers fail to perform as expected?  We believe that to some extent, the 
narrow soil boring and silica flour pack that they were installed into may have essentially served 
as a large macropore and retained water even when the surrounding soil had dried down. Another 
possibility is that certain tensiometer installation bores crossed significant macropore (subsoil 
prism) boundaries while others did not, which would have led to them being essentially flooded 
with macropore flow water at certain periods of time and/or isolated from the soil hydrologic 
regime at others.  Finally, these were research type tensiometers that simply may not have been 
robust enough to maintain their functionality under field conditions. We do have extensive 
experience with commercial grade (much larger diameter) tensiometers that have performed 
admirably in industrial irrigation spray fields, but those are not installed into clayey textured 
zones.  Therefore, we do believe that tensiometers could have place in monitoring water levels at 
discrete depths in wetland soils, but more work to sort out equipment type and installation 
interactions is clearly needed. 
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Figure 33. Overall response of the 30 cm (12”) tensiometer and associated water level sensors from electronic array at Plot 1 between 
late March and June of 2010. Rainfall events are also shown.  
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Figure 34. Detail of response of the 30 cm (12”) tensiometer and associated water level sensors from the electronic array at Plot 1 
between during the initial dry down period in April and May of 2010.  Note the time-lagged and muted response of the tensiometer to 
the early May drying cycle.  
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Figure 35. Detail of response of the 30 cm (12”) tensiometer and associated water level sensors from the electronic array at Plot 1 
between during June of 2010. In particular, note the aberrant response of apparently increasing tension/potential as the soil presumably 
dried down to 30 cm and the lack of response in late June as the water table rose again through the tensiometer’s installed depth.  
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Figure 36. Detail of response of the 15 cm (6”) and 30 cm (12”) tensiometers and associated water level sensors from the electronic 
array at Plot 3 in March/April 2010 during the initial seasonal drying cycle. Note the complete lack of response from either 
tensiometer.  
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Figure 37. Detail of response of the 15 cm (6”) and 30 cm (12”) tensiometers and associated water level sensors from the electronic 
array at Plot 3 in mid to late May during a wetting cycle. Here, both tensiometers appear to respond to the rising water table.  
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Manually Monitored Wells and Piezometers 
 

The array of different well and piezometer designs that were monitored manually (2x per month) 
is described in detail on the Methods section. In summary, twelve variations of well and 
piezometer design were installed, with three replications each, around each of the electronically 
monitored well clusters at each of the three monitoring locations.   
 
Overall, the manual wells and piezometers produced significantly different mean surface water 
level elevations in both wet and dry times (Figure 38). Differences in well response were noted 
both across treatment type and between plots.  There was however, a roughly similar overall 
indication of hydroperiod between all treatment types, and between the manually-read 
wells/piezometers and the electronic sensors which can be seen by comparing Figures 23 through 
25 above with Figure 38 below.  Differences among and within plots are discussed later.  
 
In addition to determination of overall annual differences due to well type vs. site/location, nine 
time periods were chosen for more detailed statistical analysis by date (Table 10) by plot.  These 
time periods corresponded to specific and different seasonal soil-moisture conditions. 
 
Table 10. Time period identifiers with month and year, associated site conditions and differences 
in mean measured water levels across all plots for dates with significant differences, showing 
total difference and treatment types with highest and lowest recorded elevations. 
 

Time 
Period 

Month 
and 
Year 

Site 
Condition 

Total  
Mean 

Difference 
(cm) 

Highest Treatment 
and Measured Water 

Level (cm) 

Lowest Treatment 
and Measured Water 

Level (cm) 

T2 
Nov 
2009 

Ponding 10.6 
#8 (Well: 3.8/sand) 

8.1 
#11 (C.Piez: 1.3/none) 

-2.5 

T9 Mar 2010 Ponding 11.8 
#1 (Bore: 1.9/none) 

10.7 
#11 (C.Piez: 1.3/none) 

-1.1 

T12 Apr 2010 Draw-down 16.7 
#6 (Piez: 3.8/SCL) 

-8.4 
#7 (Well: 1.9/SCL) 

-25.1 

T16 
May 
2010 

Unsaturated 28.6 
#1 (Bore: 1.9/none) 

9.2 
#11 (C.Piez: 1.3/none) 

-19.4 

T18 Jun 2010 Unsaturated 12 
#6 (Piez: 3.8/SCL) 

-18.4 
#3 (Well: 1.9/sand) 

-30.4 

T19 Jul 2010 Unsaturated 20.1 
#1 (Bore: 1.9/none) 

-7.3 
#11 (C.Piez: 1.3/none) 

-27.4 

T21 
Aug 
2010 

Unsaturated 4.1 
#1 (Bore: 1.9/none) 

-41.6 
#12 (H.Piez: 1.3/none) 

-45.7 

T26 
Nov 
2010 

Ponding 13.7 
#1 (Bore: 1.9/none) 

10.5 
#11 (C.Piez: 1.3/none) 

-3.2 
 

 
Results of the overall ANOVA for the experiment and on a per-plot basis for treatment effects 
for these observation times are given in Table 11.  There was a significant difference among well 
types and between plots/sites at p <0.0001 for the time periods tested.     
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Figure 38.  Mean water level across all three plots of 12 different well treatments recorded on 28 observation times spanning 15 
months at the Cedar Run site.  
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Table 11. Results of ANOVA for overall nested design and on a per-plot basis on effect of well treatment type for select observation 
times (T). The results of the multiple means separation procedure LSD for observation periods T2 – T26, where the model indicated 
overall statistical significance, are given in Appendix A. 
 

Source df T2 T9 T12 T15 T16 T18 T19 T21 T26 

Combined  ----------------------------------------------------- Pr > F ------------------------------------------------------- 

Overall Model 37 <0.0001 <0.0001 <0.0001 0.106 <0.0001 <0.0001 <0.0001 0.018 <0.0001 

Plot 2 <0.0001 <0.0001 <0.0001 0.187 0.002 <0.0001 <0.0001 0.131 <0.0001 

Well Type w/in Plot 33 <0.0001 <0.0001 0.001 0.121 <0.0001 0.002 0.005 0.017 <0.0001 

Rep 2 0.030 0.002 0.339 0.226 0.393 0.574 0.008 0.428 0.000 

Error 70          

Plot 1           

Overall Model 13 0.007 0.002 0.286 0.689 0.137 0.102 0.013 . 0.002 

Well Type 11 0.005 0.002 0.343 0.636 0.137 0.082 0.050 . 0.002 

Rep. 2 0.599 0.167 0.137 0.671 0.235 0.572 0.005 . 0.243 

Error 22          

Plot 2           

Overall Model 13 <0.0001 <0.0001 0.011 0.183 <0.0001 0.384 0.044 0.060 0.001 

Well Type 11 <0.0001 <0.0001 0.007 0.301 <0.0001 0.322 0.059 0.049 0.001 

Rep. 2 0.038 0.050 0.968 0.047 0.060 0.975 0.071 0.498 0.022 

Error 22          

Plot 3           

Overall Model 13 0.030 <0.0001 0.005 0.018 0.012 0.025 0.019 0.623 0.001 

Well Type 11 0.056 <0.0001 0.007 0.054 0.011 0.018 0.017 0.565 0.003 

Rep. 2 0.025 0.056 0.041 0.007 0.154 0.762 0.207 0.688 0.007 

Error 22          
 



75 
 

For the overall study/model, there clearly are significant differences due to plot location 
differences (e.g., Plot 3 was drier overall etc.) and for well type within all plots.  On certain 
dates, there also was a difference between reps within a given site, but this was inconsistent.  
When plots were analyzed alone, Plots 1 and 2 had differences due to well type on many dates 
but had only a few dates where the reps internally differed overall from one another. Plot 3, 
when analyzed alone, was similar, but the reps produced more differences within a site on more 
dates, meaning that plot 3 had much more local spatial variability.  
 
While not shown here statistically, a combination of graphical visual analysis indicates that there 
did not appear to be a significant site x well type interaction, but this design did not allow us to 
specifically test for that. Put another way, the relative response of the wells to each other (e.g., 
which ones tended to be high vs. low vs. in the middle) did not differ strongly enough among the 
three sites to indicate a significant interaction effect.  The overall model we utilized therefore 
tested for the combined vs. separated effects of (a) plot locations, (b) well types and (c) local 
replicate effects. 

Whole Plot Results 

Differences in means of water level elevations recorded by the various treatment types across all 
three plots were found to be statistically significant for the overall model (Table 11) and at all 
but one of the tested time periods (T15-May 2010) during unsaturated conditions (Figure 38 and 
Appendix A.  
 
In terms of overall well response (Figure 38), the open bore wells (Treatments 1 and 2) and 
various combinations of the wells/piezometers with sand or sandy clay loam (scl) filter packs 
tended to project higher observed water levels during the winter months, but others (e.g., 
treatment 12, the hand cut piezometer) also produced higher readings. The 3.9 cm open bore hole 
(treatment 2) produced widely variable water level readings between winter and summer 
conditions relative to other well designs. The ceramic piezometer was the only well design that 
consistently projected negative (below soil surface) water levels during the winter when all other 
well treatments indicated ponded conditions.  
 
The total difference in water level recorded by the various treatment types for the overall model 
averaged almost 15 cm, but ranged from 4.1 to 28.6 cm (see Table 10).  Treatment type 1 (1.9 
cm open bore hole) recorded the highest water levels for five of the eight time periods found to 
have significant differences.  Treatment type 11 (1.3 cm ceramic piezometer) recorded the lowest 
water levels for five of the eight time periods. 
 
The overall range of observed means and statistically separated readings was over 10 cm on all 
dates depending on well design, and at certain time during the ponded winter months, was ~ 20 
cm. On one occasion (T16) the difference was 28.6 cm. On that date, most wells exhibited 
ponded conditions but treatment 11 (the 1.3 cm ceramic piezometer) indicated a water level of -
19.3 cm.  Thus, as discussed later, one important finding here is that relatively simple differences 
in well design parameters can have dramatic effects on observed water levels, particularly during 
winter ponded months.   
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On the other hand, it is notable that differences in observed water levels across treatments were 
considerably less (5-10 cm) in the drier summer months and the observed water levels in all 
wells treatments generally rose and fell in concert. That being said, some of this apparent 
“concurrent response behavior” is a function of the sampling frequency (every two weeks) and 
there certainly may have been time-lagged responses among treatments during drying or wetting 
sequences that we did not measure.  A comparison and discussion of apparent overall 
experiment-wide effects of well design on observed water level results follows. 

Comparison of Open Bore Hole Treatments 

The two open bore holes (Treatments 1 and 2) usually tracked together with one another, 
although the mean water level elevations recorded by treatment 1 (1.9 cm open bore hole) were 
slightly higher than treatment 2 (3.8 cm open bore hole) for all time periods.  At five of the eight 
time periods where a significant difference was found (T9, T16, T19, T21, T26), the mean water 
level elevations recorded by treatment 1 were the highest of all treatments.  At three of these time 
periods (T9, T21 and T26), treatment 1 was significantly higher than all or all but one of the 
other treatment types (Appendix A).   

Comparison of Well Treatments 

Water levels in treatments 3, 7, and 9, the three 1.9 cm conventional open-screened wells with 
sand, SCL, and no packing, tracked very closely with each other regardless of their differences in 
filter packing (Figure 38). They also tracked similarly to treatments 4, 8, and 10, the three 3.8 cm 
open-screened wells with sand, SCL, and no packing. Over all three plots, the water level 
elevations recorded by these three 1.9 cm wells were similar to or slightly lower than other 
treatment types (Appendix A).  At T12 (April 2010), however, the water levels recorded by 
Treatment 7 (1.5 cm well/SCL packing) were the lowest of all treatments (Table 14).   
 
The three 3.8 cm wells tracked closely with each other, although not as closely as the 1.9 cm 
wells.   Water levels recorded at the 3.8 cm wells at all three plots were similar to or slightly 
higher than other well types (Appendix A). At T2 (November 2009), treatment 8, the 3.8 cm well 
with SCL packing, had the highest water level of all wells (Table 14).  There was a large 
difference in measured water level elevations among the 3.8 cm wells at T12 (April 2010), with 
treatment 8 (SCL packing) recording the second lowest water level and treatment 10 (no 
packing) recording the second highest.   

Comparison of Piezometer Treatments 

The two conventional piezometer treatments 5 (1.9 cm/sand pack) and 6 (3.8 cm/sand pack) 
tracked closely with each other although there was a relatively large spread in water levels 
observed between the two (Figure 38 and Appendix A).  At all but one tested time period (T21-
August 2010), the water levels recorded by treatment 5 (1.9 cm piezometer/sand packing) were 
lower than those recorded by the larger diameter treatment 6 (3.8 cm piezometer/sand packing).  
In contrast, the overall water levels recorded by treatment 11, the 1.3 cm ceramic piezometer, 
were regularly the lowest of all piezometers and other treatment types (Table 14 and Figure 38), 
although they reflected a similar overall seasonal pattern.  Treatment 12, the hand cut 
piezometer, tracked more closely with the other piezometers than with treatment 11.  At all time 
periods, the mean water levels recorded by treatment 12 were moderate to high relative to the 
other treatments (Appendix A). 
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Plot 1 Results 

The range of observed readings for the three sets of wells at Plot 1 on statistically significant 
dates was approximately 12-14 cm, depending on well design (Table 12). Overall treatment 
response was similar to the overall experiment-wide results (Figure 38), but certain treatments 
produced different orders of water level height projections on various dates, as noted.  At Plot 1, 
only three of the nine time periods chosen for analysis had significant differences in water levels 
among the various treatments and these all occurred under ponded conditions during the winter 
of 2010-2011 (T2, T9, and T26; Table 12 and Figure 39).  No differences were noted during the 
drier soil conditions of the spring and summer of 2010.  At all times, treatment 6 (3.8 cm 
piezometer/sand pack) produced the highest water levels and treatment 11 (1.3 cm ceramic 
piezometer) produced the lowest.   

 
Table 12. Differences in mean measured water level at Plot 1 for dates with significant 
differences, showing total difference and treatment types with highest and lowest recorded 
elevations. 
 

Time 
Period 

Month 
and Year 

Site 
Condition 

Total  
Mean 

Difference 
(cm) 

Highest Treatment 
and Measured Water 

Level (cm) 

Lowest Treatment 
and Measured 

Water Level (cm) 

T2 Nov 2009 Ponding 13.8 
#6 (Piez: 3.8/sand) 

13.1 
#11 (C.Piez: 1.3/none) 

-0.7 

T9 Mar 2010 Ponding 12.7 
#6 (Piez: 3.8/sand) 

12.9 
#11 (C.Piez: 1.3/none) 

0.2 

T26 Nov 2010 Ponding 13.2 
#6 (Piez: 3.8/sand) 

13.4 
#11 (C.Piez: 1.3/none) 

0.2 

Comparison of Open Bore Hole Treatments  

Measured water levels in the two open bore hole treatments were similar, with  treatment 1 (1.9 
cm) recording higher water levels than type 2 only at T2 (Figure 39 and Appendix A). 

Comparison of Well Treatments 

There was a wide range of measured water levels among the conventional well treatments (3, 4, 
7, 8, 9, and 10). At T2, T9, and T26, treatment 8 (3.8 cm well/ sand pack) recorded the highest 
water level of all well treatments (Figure 39). The water level spread between the six different 
well treatments was 4.2 cm at T2, 5.5 cm at T9, and 5.6 cm at T26. Treatment type 9 (1.9 cm 
well/no pack) recorded the lowest water level of all conventional well treatments at T2, while 
type 3 (1.9 cm well/sand pack) recorded the lowest water level of all conventional wells at T9 
and T26. 

Comparison of Piezometer Treatments 

The means of the measured water level elevations for the different piezometer design types 
varied greatly.   At T2, T9, and T26 (the three time periods found to have significant 
differences), treatment 6 (3.8 cm piezometer/sand pack) recorded the highest water levels of all 
treatment types, while treatment 11 (1.3 cm ceramic piezometer) recorded the lowest water 
levels of all treatment types (Table 12). 
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Figure 39.  Plot 1 water level measurements at 12 different well and piezometer treatments recorded on 28 observation times spanning 
15 months at the Cedar Run site. 
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Plot 2 Results 

Statistically significant differences in water levels among the treatment types at Plot 2 were 
found in six of the nine time periods chosen for analysis (Table 13 and Figure 40).  As in Plot 1, 
differences among measured water levels were not found to be statistically significant during the 
non-saturated soil conditions of the spring and summer of 2010.  The measured water level 
differences among treatments in Plot 2 by date ranged from approximately 11 to 30 cm and again 
varied strongly between winter and summer in terms of differential treatment response.  
 
Table 13. Differences in mean measured water level at Plot 2 for dates with significant 
differences, showing total difference and treatment types with highest and lowest recorded 
elevations. 

Time 
Period 

Month 
and Year 

Site 
Condition 

Total 
Difference 

(cm) 

Highest Treatment 
and Measured 

Water Level (cm) 

Lowest Treatment and 
Measured Water Level 

(cm) 

T2 Nov 2009 Ponding 13.5 
#4 (Well: 3.8/SCL) 

9.9 
#11 (C.Piez: 1.3/none) 

-3.6 

T9 Mar 2010 Ponding 14.6 
#1 (Bore: 1.9/none) 

12.5 
#11 (C.Piez: 1.3/none) 

-2.1 

T12 Apr 2010 Draw-down 11 
#6 (Piez: 3.8/SCL) 

-4.7 
#11 (C.Piez: 1.3/none) 

-15.7 

T19 Jul 2010 Unsaturated 30.1 
#4 (Well: 3.8/SCL) 

3.1 
#11 (C.Piez: 1.3/none) 

-27.0 

T26 Nov 2010 Ponding 15.9 
#1 (Bore: 1.9/none) 

12.7 
#11 (C.Piez: 1.3/none) 

-3.2 
 
The measured water levels at Plot 2 indicated a roughly similar hydroperiod to Plot 1, with the 
exception of a much higher spike in water level elevations following a summer precipitation 
event in July 2010.  The manual wells/piezometers in Plot 2 also reflected a precipitation event 
in August 2010 that did not appear to affect differential treatment response in Plot 1.  Again, 
treatment 11 (1.3 cm ceramic piezometer) produced the lowest water levels throughout the study 
period. At four of the five time periods, either the 1.9 cm open bore hole (treatment 1) or the 3.8 
cm well with SCL packing (treatment 4) recorded the highest water levels (Table 13).  

Comparison of Open Bore Hole Treatments  

Measured water levels at treatment 1 (1.9 cm open bore) were higher than those of treatment 2 
(3.8 cm open bore) at all but one time period (T19-July 2010) that showed a significant 
difference between treatments.  Treatment 1 recorded the highest water levels for all treatment 
types at T9 and T26 (Table 13).  Treatment 2, however, recorded the second lowest water level 
elevation of all treatments at T2 but recorded the second highest water levels at T19 (Appendix 
A).    

Comparison of Well Treatments 

The conventional well treatments tracked similarly regardless of packing, although treatment 4 
(3.8 cm/SCL pack) recorded consistently higher water level elevations than the other well types 
(Table 13 and Appendix A).  At T2 and T19, mean water level elevations recorded at treatment 4  
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Figure 40.  Plot 2 water level measurements of 12 different well treatments recorded on 28 observation times spanning 15 months at  
the Cedar Run site. 
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were the highest of all treatment types; at T9, T12, and T26, treatment 4 was second, third, and 
fourth, respectively. 
   
There was a wide spread of measured water level elevations between the different well types, 
especially at T9 and T19.  At T9, the measured water level elevation for treatment 4 (3.8 cm/ 
SCL pack) was nearly twice that recorded by treatment 3 (1.9 cm/sand pack) (Appendix A).  At 
T19, water level at treatment 4 was the highest all treatments at 3.1 cm while the mean water 
level elevation recorded by treatment 10 (3.8 cm/no pack) was the lowest of the conventional 
well treatments at 10.7 cm. 

Comparison of Piezometer Treatments 

As in Plot 1, the means of the measured water level elevations for the different piezometer types 
varied greatly, although treatment 11 (1.3 cm ceramic piezometer) was considerably lower than 
the other piezometer treatments.  Mean water level elevations recorded for type 11 were negative 
for four of the five time periods where significant differences were found, and were often much 
lower than the mean water levels for all other treatments.  For example, at T9, the mean water 
level elevation recorded by treatment type 11 was -2.1 cm while treatment 1(1.9 cm open bore) 
recorded 12.5 cm (Appendix A).    

Plot 3 Results 

Treatments in Plot 3 had a much wider range of observed water levels than those in Plots 1 or 2 
(Figure 51 and Appendix A), and the site was drier overall.   Differences in mean water level 
elevations among treatments were found to be statistically significant in all but one of the nine 
time periods chosen for analysis (T21-August 2010; Table 14 and Figure 41). Differences in 
water levels among treatments by date ranged from approximately 10 cm at T2 to 30 cm at T12.  
As in the other plots, mean water level elevations recorded for treatment 11 (1.3 cm ceramic 
piezometer) were the lowest for the majority of statistically different time periods 
 

Comparison of Open Bore Hole Treatments  

As in Plots 1 and 2, water levels recorded by treatment 1 (1.9 cm open bore) were consistently 
higher than those recorded by treatment 2 (3.9 cm open bore).  At T9, T16 and T26, treatment 1 
recorded the highest water levels of all treatments, and at T15 and T19 it recorded the second 
highest water levels of all treatments (Table 14 and Appendix A).   

Comparison of Well Treatments 

All conventional well designs at Plot 3 tracked similarly with each other, although treatment 10 
(3.8 cm/no packing) had consistently higher water levels than the other well treatments.  At T15 
and T18, treatment type 10 had the highest water levels of all treatments well types (Table 18).  
Mean water levels for treatment 8 (3.8 cm/ sand pack) were the lowest of all treatments at T12, 
while those for treatment 7 (1.9 cm/ SCL pack) were the lowest at T18 (Table 14).    
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Table 14. Differences in mean measured water levels at Plot 3, showing total difference and 
treatment types with highest and lowest recorded elevations. 
 

Time 
Period 

Month 
and 
Year 

Site 
Condition 

Total  
Mean 

Difference 
(cm) 

Highest Treatment 
and Measured Water 

Level (cm) 

Lowest Treatment and 
Measured Water Level 

(cm) 

T2 
Nov 
2009 

Ponding 11.4 
#12 (H.Piez: 

1.3/none) 
8.1 

#11 (C.Piez: 1.3/none) 
-3.3 

T9 
Mar 
2010 

Ponding 12.1 
#1 (Bore: 1.9/none) 

10.9 
#11 (C.Piez: 1.3/none) 

-1.2 

T12 
Apr 
2010 

Draw-down 30 
#6 (Piez: 3.8/sand) 

-15.7 
#8 (Well: 3.8/sand) 

-45.7 

T15 
May 
2010 

Draw-down 12.8 
#10 (Well: 3.8/none) 

-32.9 
#12 (H.Piez: 1.3/none) 

-45.7 

T16 
May 
2010 

Unsaturated 36.1 
#1 (Bore: 1.9/none) 

9.2 
#11 (C.Piez: 1.3/none) 

-26.9 

T18 
Jun 

2010 
Unsaturated 20.1 

#10 (Well: 3.8/none) 
-19.1 

#7 (Well: 1.9/SCL) 
-39.2 

T19 Jul 2010 Unsaturated 19.8 
#6 (Piez: 3.8/sand) 

-8.9 
#11 (C.Piez: 1.3/none) 

-28.7 

T26 
Nov 
2010 

Ponding 17.6 
#1 (Bore: 1.9/none) 

10.9 
#11 (C.Piez: 1.3/none) 

-6.7 
 
 

Comparison of Piezometer Treatments 

As also seen at Plots 1 and 2, the mean water level elevations recorded by the piezometers varied 
greatly (Figure 41 and Appendix A).  At T2, the water levels in treatment 12 (1.3 cm hand cut 
piezometer) were highest of all treatments, while at T15 they were the lowest (Table 14).  
Treatment 11 (1.3 cm ceramic piezometer) often recorded wider ranges and/or different water 
level elevations than the other piezometers and treatment types (Figure 41 and Appendix A).  At 
T2, T9, T16, T19, and T26, water levels in treatment 11 were the lowest of all treatments, but at 
T12 and T15, both treatment 11 and treatment 6 (3.8 cm piezometer/sand pack) were among the 
top four highest recorded water levels (Table 14 and Appendix A).  
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Figure 41.  Plot 3 water level measurements of 12 different well treatments recorded on 28 observation times spanning 15 months at 
Plot 3 of the Cedar Run site. 
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Overall Summary and Conclusions 
 
It is clear from the results of this study that the choice of monitoring well design and water level 
sensor utilized can have a significant influence on the recorded (or apparent) depth to saturation 
or surface ponding over time. We evaluated three different types of sensors for automated water 
level data acquisition and they appeared to perform with similar accuracy for most of our 
extended three-year field study period.  However, one of the sensors is no longer commercially 
available (RDS/Ecotone) and another (Global WL 16) suffered periodic failures and inability to 
reset to correct water levels following wet/dry cycles.  The Onset/HOBO sensors were robust 
and consistent, but did produce several periods of slightly incorrect depth estimates during dry 
well periods. Thus, any automated well level recording devices clearly need frequent and 
periodic validation and maintenance. 
 
Going into this field study, we had assumed that tensiometers with integrated data loggers would 
be an effective tool for determining when the saturated zone passed through a given depth in 
these soils and that we could use that as a validation tool for the directly adjacent water level 
loggers. However, the custom-made tensiometers we employed failed to generate usable data for 
this purpose.  This may have been due to their relatively small diameter vs. the soil structure 
matrix around them or other issues we failed to recognize in their deployment and subsequent 
modifications and maintenance.  
 
The combined automated sensor data set indicated that all three of the near-surface 
well/piezometer designs responded relatively quickly (within hours) to rainfall events and thus 
published literature concerns regarding “well lag time” were not confirmed at this site.  
Perhaps the most surprising result from the complete automated well and piezometer data set was 
the fact that the deep (~145 to 175 cm) piezometers projected a seasonal response opposite of 
what we expected.  The combined data show that while the near-surface saturated zone is clearly 
“perched” (epiaquic) as we expected, the deep subsoil/saprolite zone was fully “disconnected” 
hydrologically with a much lower potentiometric head in the winter than summer. Thus, we 
interpret that local groundwater recharge was occurring from the perched surface layer 
downward during the summer once the expansive clayey subsoil dried and cracked sufficiently 
to allow drainage. While this may be specific to the Triassic landform and high shrink-swell 
subsoil at this site, this finding could have significant implications for water budgeting 
assumptions and created wetland design at other sites.   
 
For the manual well/piezometer monitoring arrays, differences in well design alone (e.g., 
diameter, depth of open increment, packing) produced least 5 cm of apparent differences in water 
levels on most sampling dates and over 20 cm in certain date x site x design combinations. While 
differences among these designs varied between sites and often between seasons at a given site, 
those with larger diameters (3.8 cm) and sand filter packs generally produced higher overall 
water level readings that were more similar to those noted in the automated recording wells.  
 
For the last 1.5 years of this study, we periodically measured surface ponding levels manually 
during our monthly site data acquisition and maintenance visits. Those observations revealed that 
all of the automated well designs frequently projected/recorded ponded water levels that were 
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considerably higher than the actual ponded depths during the winter season. We are not sure of 
the reason for this behavior, but it does point out the value of taking periodic manual water level 
measurements on all sites whenever possible. 
 
Collectively, the combined data from this study indicate that the current USACE/NRCS 
monitoring well design in combination with a consistent and robust automated logger (e.g., the 
Onset/HOBOtm) generates an annual hydroperiod dataset that is reasonably accurate and 
consistent. That being said, our extended data indicate that it may actually overestimate depth 
and extent of wet season ponding. Where possible, we strongly recommend the installation of a 
deeper piezometer at least 30 to 50 cm below the standard USACE well in a nested design at 
monitoring sites.  This will allow for direct interpretation of local vertical gradients and greatly 
assist in interpreting the local hydrologic setting, full season hydroperiod and the ability confirm 
epi- vs. endoaquic conditions.  
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APPENDIX A: LSD Means Separation Tests 
 
Statistical analyses were done for observation time periods T2, T9, T12, T15, T16, T18, T19, 
T21, and T26. If the overall model was statistically significant, the LSD mean separation test 
was performed to see how the means of the various wells differed for that observation period. 
The results of the LSD are presented below. At first the results for the whole experiment 
(across the 3 plots) are presented, followed by the LSD on a per‐plot basis. 
 
WHOLE EXPERIMENT ACROSS‐PLOTS LSD MEANS SEPARATION TESTS FOR WELLTYPES WHERE OVERALL MODEL WAS 

STATISTICALLY SIGNIFICANT 
 
 
T2 
 
NOTE: This test controls the Type I comparison‐wise error rate, not the experiment‐wise error 
rate. 
 
Alpha                            0.05 
Error Degrees of Freedom           71 
Error Mean Square            11.04459 
Critical Value of t           1.99394 
Least Significant Difference   3.1238 
 
Means with the same letter are not significantly different. 
 
 Grouping           Mean       N   well type 
 
     A              8.092      9    8 
     A 
     A              8.060      9    12 
     A 
B    A              7.179      9    4 
B    A 
B    A    C         6.503      9    6 
B    A    C 
B    A    C         6.064      9    10 
B    A    C 
B    A    C         5.996      9    3 
B         C 
B         C         4.876      9    1 
B         C 
B         C         4.639      9    7 
B         C 
B         C         4.538      9    9 
B         C 
B         C         4.434      9    5 
          C 
          C         3.521      9    2 
 
     D             ‐2.506      9    11 
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t Tests (LSD) for T9 
 
Grouping            Mean      N    well type 
 
     A        10.736      9    1 
     A 
B    A         9.379      9    6 
B 
B              8.400      9    2 
B 
B              8.060      9    12 
B 
B    C         7.586      9    8 
B    C 
B    C         7.349      9    4 
     C 
D    C         5.791      9    10 
D    C 
D    C         5.690      9    7 
D    C 
D    C         5.488      9    5 
D 
D              5.080      9    3 
D 
D              4.979      9    9 
 
     E        ‐1.050      9    11 
 
 
 
t Tests (LSD) for T12 
 
t Grouping           Mean      N    well type 
 
     A             ‐8.436      9    6 
 
     B            ‐16.629      9    10 
     B 
C    B            ‐17.407      9    1 
C    B 
C    B            ‐18.524      9    11 
C    B 
C    B    D       ‐19.676      9    12 
C    B    D 
C    B    D       ‐20.421      9    5 
C    B    D 
C    B    D       ‐20.658      9    2 
C    B    D 
C    B    D       ‐21.742      9    4 
C    B    D 
C    B    D       ‐21.946      9    9 
C    B    D 
C    B    D       ‐22.081      9    3 
C         D 
C         D       ‐23.606      9    8 
          D 
          D       ‐25.129      9    7 
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t Tests (LSD) for T16 
 
Grouping        Mean      N   well type 
 
     A         9.246      9    1 
     A 
     A         7.281      9    2 
     A 
     A         5.828      9    8 
     A 
     A         5.656      9    4 
     A 
     A         3.997      9    10 
     A 
     A         3.283      9    9 
     A 
     A         2.946      9    3 
     A 
     A         2.877      9    12 
     A 
     A         2.403      9    7 
     A 
B    A         1.117      9    6 
B 
B             ‐6.502      9    5 
 
     C       ‐19.372      9    11 
 
 
 
t Tests (LSD) for T18 
 
   Grouping              Mean       N   well type 
 
          A            ‐18.391      9    6 
          A 
          A            ‐20.592      9    10 
          A 
B         A            ‐21.334      9    1 
B         A 
B         A            ‐21.676      9    12 
B         A 
B         A    C       ‐22.521      9    4 
B         A    C 
B    D    A    C       ‐23.198      9    5 
B    D         C 
B    D    E    C       ‐26.584      9    8 
B    D    E    C 
B    D    E    C       ‐26.587      9    2 
     D    E    C 
     D    E    C       ‐27.397      9    11 
     D    E 
     D    E            ‐28.551      9    9 
          E 
          E            ‐28.888      9    7 
          E 
          E            ‐30.447      9    3 
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t Tests (LSD) for T19 
 
Grouping        Mean      N   well type 
 
     A        ‐7.316      9    1 
     A 
     A        ‐7.992      9    2 
     A 
B    A       ‐10.568      9    4 
B    A 
B    A       ‐11.209      9    8 
B    A 
B    A       ‐11.480      9    12 
B    A 
B    A       ‐12.834      9    9 
B    A 
B    A       ‐14.122      9    10 
B    A 
B    A       ‐14.799      9    3 
B 
B    C       ‐17.001      9    6 
B    C 
B    C       ‐17.153      9    7 
     C 
D    C       ‐24.010      9    5 
D 
D            ‐27.432      9    11 
 
 
 
t Tests (LSD) for T21 
 
Grouping   Mean      N   well type 
 
A       ‐41.588      9    1 
 
B       ‐44.433      9    2 
B 
B       ‐44.941      9    10 
B 
B       ‐45.720      9    3 
B 
B       ‐45.720      9    5 
B 
B       ‐45.720      9    4 
B 
B       ‐45.720      9    7 
B 
B       ‐45.720      9    8 
B 
B       ‐45.720      9    9 
B 
B       ‐45.720      9    6 
B 
B       ‐45.720      9    11 
B 
B       ‐45.720      9    12 
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t Tests (LSD) for T26 
 
 
t Grouping           Mean      N    well type 
 
     A             10.497      9    1 
     A 
B    A              8.772      9    2 
B    A 
B    A    C         7.551      9    8 
B         C 
B         C         7.179      9    12 
B         C 
B         C         7.146      9    4 
B         C 
B    D    C         5.994      9    10 
     D    C 
     D    C         5.351      9    6 
     D    C 
     D    C         4.827      9    7 
     D    C 
     D    C         4.539      9    9 
     D    C 
     D    C         4.438      9    3 
     D 
     D              3.014      9    5 
 
     E             ‐3.217      9    11 
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ON A PER‐PLOT BASIS LSD MEANS SEPARATION TESTS FOR WELLTYPES WHERE OVERALL MODEL WAS 
STATISTICALLY SIGNIFICANT 

Plot # 1 
T2 
 
Alpha                            0.05 
Error Degrees of Freedom           23 
Error Mean Square            10.64858 
Critical Value of t           2.06866 
Least Significant Difference   5.5117 
 
Means with the same letter are not significantly different. 
 
 Grouping           Mean       N   well type 
 
     A             13.107      3    6 
     A 
B    A             10.260      3    8 
B    A 
B    A    C         8.330      3    12 
B    A    C 
B    A    C         8.230      3    4 
B         C 
B         C         6.503      3    7 
B         C 
B         C         5.590      3    10 
B         C 
B         C         5.387      3    3 
B         C 
B         C         5.280      3    1 
B         C 
B    D    C         4.777      3    9 
     D    C 
     D    C         3.860      3    2 
     D    C 
     D    C         3.147      3    5 
     D 
     D             ‐0.710      3    11 
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T9 
 
 Grouping           Mean      N   well type 
 
     A             12.900      3    6 
     A 
B    A              9.957      3    8 
B    A 
B    A    C         8.940      3    2 
B    A    C 
B    A    C         8.840      3    7 
B    A    C 
B    A    C         8.840      3    1 
B    A    C 
B    A    C         8.840      3    4 
B         C 
B         C         8.027      3    12 
B         C 
B         C         7.013      3    5 
          C 
          C         5.387      3    9 
          C 
          C         5.383      3    3 
          C 
          C         5.283      3    10 
 
     D              0.203      3    11 
 
 
T26 
 
 Grouping           Mean       N   well type 
 
     A             13.410      3    6 
     A 
B    A             10.360      3    8 
B    A 
B    A    C         9.553      3    2 
B         C 
B    D    C         8.637      3    4 
B    D    C 
B    D    C         8.127      3    12 
B    D    C 
B    D    C         7.923      3    1 
B    D    C 
B    D    C         6.707      3    10 
B    D    C 
B    D    C         6.603      3    7 
B    D    C 
B    D    C         6.400      3    5 
     D    C 
     D    C         4.980      3    9 
     D 
E    D              4.470      3    3 
E 
E                   0.203      3    11 
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ON A PER‐PLOT BASIS LSD MEANS SEPARATION TESTS FOR WELLTYPES WHERE OVERALL MODEL WAS 
STATISTICALLY SIGNIFICANT 

 
Plot # 2 

T2 
 
Grouping           Mean       N   well type 
 
     A              9.853      3    4 
     A 
     A              9.040      3    12 
     A 
B    A              8.533      3    6 
B    A 
B    A              8.430      3    5 
B    A 
B    A              7.923      3    8 
B    A 
B    A              7.623      3    10 
B    A 
B    A    C         7.010      3    9 
B    A    C 
B    A    C         6.707      3    1 
B    A    C 
B    A    C         6.300      3    3 
B         C 
B         C         5.383      3    7 
          C 
          C         3.960      3    2 
 
     D             ‐3.557      3    11 
 
 
T9 
 
 Grouping           Mean       N   well type 
 
     A             12.497      3    1 
     A 
B    A             10.057      3    4 
B    A 
B    A    C         8.940      3    6 
B    A    C 
B    A    C         8.940      3    12 
B         C 
B    D    C         8.130      3    2 
B    D    C 
B    D    C         7.720      3    5 
B    D    C 
B    D    C         7.417      3    9 
B    D    C 
B    D    C         7.417      3    8 
B    D    C 
B    D    C         7.413      3    10 
     D    C 
     D    C         5.587      3    7 
     D 
     D              5.080      3    3 
 
     E             ‐2.133      3    11 
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T12 
 
 
    Grouping             Mean       N   well type 
 
          A             ‐4.677      3    6 
          A 
B         A             ‐6.500      3    1 
B         A 
B         A    C        ‐8.533      3    4 
B         A    C 
B         A    C        ‐8.533      3    12 
B              C 
B         D    C       ‐10.363      3    5 
B         D    C 
B    E    D    C       ‐10.667      3    2 
     E    D    C 
     E    D    C       ‐11.890      3    8 
     E    D    C 
     E    D    C       ‐12.190      3    10 
     E    D    C 
     E    D    C       ‐12.397      3    9 
     E    D    C 
     E    D    C       ‐13.107      3    7 
     E    D 
     E    D            ‐14.123      3    3 
     E 
     E                 ‐15.747      3    11 
 
 
 

T19 
 
 Grouping           Mean       N   well type 
 
     A              3.147      3    4 
     A 
     A              2.340      3    2 
     A 
     A              1.727      3    1 
     A 
     A              1.527      3    9 
     A 
     A              1.017      3    8 
     A 
     A             ‐1.423      3    3 
     A 
B    A             ‐4.115      3    7 
B    A 
B    A    C        ‐8.127      3    12 
B    A    C 
B    A    C       ‐10.770      3    10 
B    A    C 
B    A    C       ‐16.153      3    5 
B         C 
B         C       ‐21.540      3    6 
          C 
          C       ‐27.027      3    11 
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T26 
 
 
 Grouping           Mean       N   well type 
 
     A             12.697      3    1 
     A 
B    A              9.550      3    4 
B    A 
B    A    C         8.940      3    12 
B         C 
B         C         8.127      3    2 
B         C 
B    D    C         7.113      3    8 
B    D    C 
B    D    C         7.010      3    10 
B    D    C 
B    D    C         6.707      3    9 
B    D    C 
B    D    C         6.097      3    5 
B    D    C 
B    D    C         5.640      3    7 
     D    C 
     D    C         4.473      3    3 
     D 
     D              2.843      3    6 
 
     E             ‐3.150      3    11 
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ON A PER‐PLOT BASIS LSD MEANS SEPARATION TESTS FOR WELLTYPES WHERE OVERALL MODEL WAS 
STATISTICALLY SIGNIFICANT 

 
Plot # 3 

T2 
 
 Grouping           Mean       N   well type 
 
     A              6.810      3    12 
     A 
     A              6.300      3    3 
     A 
     A              6.093      3    8 
     A 
     A              4.980      3    10 
     A 
B    A              3.453      3    4 
B    A 
B    A    C         2.743      3    2 
B    A    C 
B    A    C         2.640      3    1 
B    A    C 
B    A    C         2.030      3    7 
B    A    C 
B    A    C         1.827      3    9 
B    A    C 
B    A    C         1.727      3    5 
B         C 
B         C        ‐2.130      3    6 
          C 
          C        ‐3.250      3    11 
 
 

T9 
 
 Grouping           Mean       N   well type 
 
     A             10.870      3    1 
     A 
B    A              8.130      3    2 
B    A 
B    A              7.213      3    12 
B 
B    C              6.297      3    6 
B    C 
B    C    D         5.383      3    8 
B    C    D 
B    C    D         4.777      3    3 
B    C    D 
B    C    D         4.677      3    10 
     C    D 
     C    D         3.150      3    4 
     C    D 
     C    D         2.643      3    7 
          D 
     E    D         2.133      3    9 
     E    D 
     E    D         1.730      3    5 
     E 
     E             ‐1.220      3    11 
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T12 
 
Grouping       Mean       N   well type 
 
     A       ‐15.650      3    6 
     A 
B    A       ‐22.557      3    10 
B    A 
B    A       ‐22.657      3    11 
B 
B    C       ‐32.007      3    1 
B    C 
B    C       ‐36.270      3    9 
B    C 
B    C       ‐36.777      3    12 
B    C 
B    C       ‐38.200      3    2 
     C 
     C       ‐41.250      3    5 
     C 
     C       ‐42.267      3    4 
     C 
     C       ‐43.080      3    3 
     C 
     C       ‐45.720      3    7 
     C 
     C       ‐45.720      3    8 
 
 

T15 
 
Grouping       Mean       N   well type 
 
     A       ‐32.920      3    10 
     A 
B    A       ‐38.403      3    1 
B    A 
B    A       ‐40.133      3    11 
B    A 
B    A       ‐40.133      3    6 
B 
B            ‐45.720      3    5 
B 
B            ‐45.720      3    4 
B 
B            ‐45.720      3    7 
B 
B            ‐45.720      3    8 
B 
B            ‐45.720      3    9 
B 
B            ‐45.720      3    2 
B 
B            ‐45.720      3    3 
B 
B            ‐45.720      3    12 
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T16 
 
 Grouping           Mean       N   well type 
 
     A              9.243      3    1 
     A 
     A              6.707      3    2 
     A 
B    A              4.170      3    8 
B    A 
B    A              3.150      3    3 
B    A 
B    A              2.950      3    10 
B    A 
B    A              1.723      3    4 
B    A 
B    A    C         0.710      3    7 
B    A    C 
B    A    C         0.507      3    9 
B    A    C 
B    A    C        ‐5.287      3    12 
B         C 
B    D    C       ‐13.513      3    6 
     D    C 
     D    C       ‐16.663      3    5 
     D 
     D            ‐26.923      3    11 
 
 

T18 
 
   Grouping              Mean       N   well type 
 
          A            ‐19.103      3    10 
          A 
B         A            ‐21.540      3    6 
B         A 
B         A    C       ‐25.200      3    12 
B         A    C 
B    D    A    C       ‐28.040      3    1 
B    D    A    C 
B    D    A    C       ‐29.670      3    5 
B    D    A    C 
B    D    A    C       ‐30.787      3    4 
B    D         C 
B    D         C       ‐32.817      3    2 
     D         C 
     D         C       ‐36.170      3    8 
     D 
     D                 ‐37.897      3    11 
     D 
     D                 ‐38.810      3    3 
     D 
     D                 ‐39.117      3    9 
     D 
     D                 ‐39.217      3    7 
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T19 
 Grouping           Mean       N   well type 
 
     A             ‐8.940      3    6 
     A 
B    A             ‐9.143      3    1 
B    A 
B    A    C       ‐11.683      3    2 
B    A    C 
B    A    C       ‐11.990      3    12 
B    A    C 
B    A    C       ‐13.817      3    10 
B    A    C 
B    A    C       ‐14.123      3    4 
B    A    C 
B    A    C       ‐14.427      3    8 
B    A    C 
B    A    C       ‐15.747      3    3 
B    A    C 
B    A    C       ‐17.677      3    9 
B         C 
B         C       ‐18.387      3    5 
          C 
          C       ‐18.490      3    7 
 
     D            ‐28.753      3    11 
 
 
 

T26 
 
 
 Grouping           Mean       N   well type 
 
     A             10.870      3    1 
     A 
B    A              8.637      3    2 
B    A 
B    A    C         5.180      3    8 
B    A    C 
B    A    C         4.470      3    12 
B    A    C 
B    A    C         4.370      3    3 
B    A    C 
B    A    C         4.267      3    10 
B         C 
B    D    C         3.250      3    4 
B    D    C 
B    D    C         2.237      3    7 
B    D    C 
B    D    C         1.930      3    9 
     D    C 
E    D    C        ‐0.200      3    6 
E    D 
E    D             ‐3.453      3    5 
E 
E                  ‐6.703      3    11 
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