
Maryland Water Resources Research Center
Annual Technical Report

FY 2010

Maryland Water Resources Research Center Annual Technical Report FY 2010 1



Introduction

During Funding Year 2010, the Maryland Water Resources Research Center supported a variety of research
and outreach activities that address the diversity of water issues in the State. The ecological and economic
viability of the Chesapeake Bay continues to be a major focus of concern for Maryland, and several of the
Center's projects addressed Chesapeake Bay-related topics. Several projects explored harvesting energy and
useful materials from waste that would otherwise pollute Maryland's waters and air. The projects spanned the
disciplines of ecology, engineering, and public health, investigating both urban and rural settings.
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Research Program Introduction

With 104B funding, after peer review, the Maryland Water Resources Research Center supported two
research projects and awarded two graduate student summer fellowships in 2010:

“Effects of Phragmites invasion on mosquito production in stormwater wetlands.” Paul Leisnham,
College of Agriculture & Natural Resources, University of Maryland

• 

“Source Characterization of Contamination by Poly- and Per-fluorinated Chemicals (PFCs) in
Maryland Waterways.” Jinxia Liu, Chesapeake Biological Laboratory, University of Maryland Center
for Environmental Science

• 

“Leaching of Heavy Metals from High Carbon Fly Ash--Stabilized Soils in Highway Embankments
(Summer Fellowship).” Bora Cetin, College of Engineering, University of Maryland

• 

“Occupational and Community Exposure to Antimicrobial-Resistant Bacteria and Antimicrobials
Present in Reclaimed Wastewater (Summer Fellowship).” Rachel Rosenberg Goldstein, School of
Public Health, University of Maryland

• 

A 104B project funded in a previous year was concluded in 2010:

“Low-cost Anaerobic Digesters for Dairy Manure Treatment and Renewable Energy Production.”
Stephanie Lansing, College of Agriculture & Natural Resources, University of Maryland

• 

Also, a Maryland 104G project was concluded in 2010:

"Integration of Stormwater Management Ponds into Urban Communities: Long-term Water Quality
Protection, Wildlife, and Environmental Awareness." Joel Snodgrass, Towson University

• 

Research Program Introduction
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Final Technical Report of Activities Under Subaward Agreement Z592801: Integration of Stormwater 
Management Ponds into Urban Communities 
 
PIs: Joel W. Snodgrass, Steve M. Lev, Ryan E. Casey and Ed R. Landa 
 
Introduction 
 

Stormwater management ponds are common features of more recent development and are 

required by most state and local governments as part of more comprehensive stormwater management 

practices. While stormwater ponds are human created habitats, they may superficially resemble natural 

wetlands and attract wildlife. Moreover, while short‐term (individual storm event) studies indicate 

storm water ponds are effective at removing pollutants, the effectiveness of ponds over longer time 

scales (years) and the interaction of these ponds with wildlife populations have received little or no 

attention.  Our work seeks to evaluate pollutant movement between ponds and streams through 

groundwater transport and the role of ponds as wildlife habitat for amphibians. Below we outline our 

results under four specific goals. 

Goal 1: Determine to what degree metals (primarily Cr, Cu, Ni, Pb, and Zn) and Cl
 
are 

transported via ground water from ponds where they accumulate to natural surface 

waters 

To quantify contaminant loading to stormwater ponds and flux to surface waters in the Red Run 

watershed via groundwater transport, we set up a dense monitoring network at two ponds.  We 

installed 50 drive point piezometers within the ponds and on the floodplain between the ponds and a 

second‐order tributary to Red Run.  We place water level and conductivity loggers at inputs to the ponds 

and up and down stream of the floodplain input within the second‐order tributary.  We measured 

stream discharge and collected water samples from the wells and stream on a regular basis.   

At the study site, discharge in the second order tributary downstream of input from the 

stormwater ponds is generally 2.5 times higher and chloride levels are 5 times higher than an upstream 

reference site. Surface water measurements immediately downstream of storm water derived input 

record elevated conductivities year round in the stream, peaking at approximately 2.5 mS/cm.  A 

chloride enriched groundwater plume moving down gradient from the retention ponds has also been 

identified.  Groundwater conductivities remained elevated throughout the year, peaking at > 20 mS/cm 

in ground water immediately under the ponds in late winter. Under the floodplain, ground water 

conductivities also remain elevated year round with a high of 5.85 mS/cm occurring during the winter 



months.  These finding clearly indicate that road salts entering retention ponds are being transferred to 

ground waters where they are stored and, ultimately discharged to streams. 

 

Goal 2: Determine if there are interactions between the types of pollutants that 

accumulate in stormwater ponds that might facilitate or otherwise influence ground 

water transport of pollutants. 

To assess the effects of road salt contamination of soils on bioavailability of Zn we conducted a 

series of experiments with a common earthworm, Lumbricus terrestris. In the first experiment L. 

terrestris was exposed to OECD artificial soil amended with Zn and NaCl or CaCl2. After salt application 

OECD soil exhibited the intended treatment effect, with Na+ and Ca2+ accounting for 74 and 96% of soil 

cation exchange sites, respectively. Deionized water phase Zn also varied between treatments, 

averaging 3.4 times higher in the Ca2+ treatment. Despite this difference in available Zn, earthworms did 

not accumulate Zn or other trace metals in either treatment over the course of a 22‐day exposure. We 

observed complete mortality in the Na+ treatments at day 22 (8 worms), and consequently considered 

that a relationship between the biologically relevant ions Na+ and K+ may have caused stress. 

In our second experiment we chose to further explore the importance of Na+:K+ in earthworms 

by treating a field derived soil with a suite of five concentrations, which allowed us to achieve Na+:K+ 

ratios in the soil ranging from 3.5 to 190; values both greater and less than those observed in local 

stormwater pond soils. Increasing amounts of Na+ in the soil led to marked changes in soil cation 

composition, with all major cations except Na+ showing decreases over time. Earthworm biology was 

also affected, with average percent weight losses of 5.7, 12, 17, 17 and 43 for the five treatments. While 

Na+:K+ ratio did seem to be significantly higher in salt treated soil than the control, we did not observe a 

dose‐dependent effect. Our results suggest that the road salts may be affecting soil communities by 

limiting the availability of major cations. 

We examined the effects of road‐sourced runoff water on soil metal retention in retention 

ponds. Particularly, we evaluated the impacts of salt cations in stormwater runoff on the displacement 

of trace metals in soils. Three soil types were placed into columns and treated for six weeks using an 

artificial stormwater solution, containing known concentrations of Cu2+, Pb2+, and Zn2+ as well as salt 

concentrations mirroring that of actual runoff water containing either CaCl2 or NaCl.  Salt‐amended 

stormwater was applied for three weeks followed by three weeks of stormwater without salt that 

simulated spring runoff conditions. The three soils tested consisted of an artificial bioretention cell soil, 

soil gathered from a retention pond near heavily trafficked roads, and a background soil that was not 



previously exposed to stormwater runoff. Leachate collected from the soil columns was analyzed using 

Thermo PQ Excell ICP‐MS to quantify trace metal content, and Dionex IC25 Ion Chromatography to 

quantify major ions. Cation analysis suggests that soil columns treated with salt‐amended stormwater 

displayed a flushing of bound easily‐displaceable cations, such as K+, out of the column. Furthermore, 

during the salt loading period we observed a net retention of Ca and Na in columns that were treated 

with salt‐amended stormwater. After salt‐amended stormwater treatments were halted and replaced 

with non‐salt amended stormwater treatments, the columns continued to elute leachate with high Ca 

and Na concentrations for several collection dates. Leachate metal analysis suggests Na dominated soils 

readily adsorbed cations with higher affinities, such as Zn, while the Ca treated soils were less likely to 

retain metals. This pattern was displayed to a much lesser extent by Cu, and not at all by Pb, where 

differences between calcium and sodium treatments were not significant. This effect reflects the higher 

relative binding affinity of Ca2+ over Na+ when competing with Zn2+ for binding sites on the soil 

surface. 

 

Goal 3: Determine the range of pollutants and hydrological conditions exhibited by 

typical ponds and the degree to which they degrade habitat for developing 

embryonic and larval amphibians and soil invertebrates. 

To address the potential for pollutant exposure for wildlife and soil invertebrates, we randomly 

selected 68 stormwater ponds in the Red Run watershed of Baltimore County, Maryland.  We sampled 

sediment and water in the 68 ponds to estimated the proportion of ponds in a third‐order watershed 

that exceed toxicity guidelines for trace metals and polycyclic aromatic hydrocarbons in sediments and 

chloride in surface waters.  Ninety‐six percent of ponds exceeded consensus‐based threshold effect 

concentrations for at least one trace metal.  Nine percent of ponds exceeded chronic toxicity levels of 

chloride on all sampling dates, and 21% exceeded acute toxicity concentrations on at least one sampling 

date.   

We also surveyed hydrology and wood frog (Rana sylvatica) and American toad (Bufo 

americanus) use of the 68 randomly selected ponds.  Wood Frog use of ponds was associated with both 

hydrology and concentrations of Cl‐ in pond waters.  Wood Frogs only bred in ponds with relatively long 

hydroperiods (drying only in mid to late summer) and Cl‐ levels less than ~250 mg/L.  A set of laboratory 

bioassays involving exposure of embryos and larval Wood Frogs to sediments from six ponds confirmed 

that road salt contamination was at least partially responsible for limiting wood frog use of ponds. Pond 

treatments with chloride concentrations in water above approximately 260 mg/L saw reduced or no 



larval survival. In contrast, the occurrence of American toads was best predicted by hydroperiod, but 

was not related to pollutant levels in water or sediment. In bioassay using sediment from the same 

ponds used with wood frogs, toad survival was not affected.  

Among aquatic organisms the toxic mechanism of a number of metals involves interference with 

active Na+ and Cl‐ uptake at the gills by metal ions. Addition of cations has been shown to reduce 

toxicity of metals among some aquatic organisms through competitive inhibition, but no studies have 

investigated mechanisms of metal toxicity or interaction between salts and metals among amphibian 

embryos and larvae. To determine if biotic ligand models of metal toxicity could be extended to 

amphibian embryos and larvae, and to determine the degree to which salts may ameliorate toxicity of 

metals to amphibian embryos and larvae, we exposed Cope’s Gray Treefrog (Hyla chrysoscelis) and 

Green Frog (Rana clamitans) embryos and larvae to seven levels of Cu and NaCl in fully factorial 

experiments. Addition of NaCl >500 mg L‐1 eliminated copper toxicity over our test range. Alternatively, 

Cu had little effect on NaCl toxicity, with toxicity increasing rapidly above ~1500 and ~ 2500 mg Cl‐ L‐1 

for H. chrysoscelis and R. clamitans, respectively. Our results suggest that biotic ligand models can be 

extended to pond‐breeding amphibian embryos and larvae, and that salt is likely responsible for the 

toxic effects of salt and metal mixtures that might be typical of runoff from road surfaces in northern 

latitudes. 

The application of road salt (NaCl) during winter storm events is a significant source of Na to 

soils in the northern United States. Stormwater management ponds are particularly susceptible to Na 

contamination since they drain impervious surfaces in urban areas that are seasonally salted. Excessive 

Na can yield physiological responses in organisms known to inhabit stormwater pond soils through 

multiple mechanisms, i.e. osmotic deregulation. Also important however is the potential for Na‐induced 

depletion of soil‐bound macro‐ and micronutrients through competition for cation exchange (CE) sites. 

We examined the effect of NaCl application on the partitioning of major cations (Na, Mg, K, Ca) and 

trace metals (V, Mo, Mn, Co, Ni, Cu, Zn, Cd, Pb) in a clay‐rich soil taken from a stormwater pond in 

Owings Mills, MD. We exposed Lumbricus terrestris to a control soil rinsed with deionized water and 

soils amended with four different concentrations of NaCl (up to 1.5M) and observed growth and survival 

for 21 days. These treatments resulted in BaCl2‐extractable soil Na concentrations of up to 548 mg/kg. In 

our highest treatment, Na occupied an average of 92% of CE sites, whereas K, Mg and Ca remained 

bound to less than 2.0% of sites. These biologically important cations, as well as essential micronutrients 

Mn and Co, were 3.3‐10 times lower in the highest treatment. In addition to soil chemistry, Na had a 

significant effect on earthworm biology, with average percent weight losses of 5.7, 12, 17, 17 and 43 for 



the control and four treatments, respectively. In the highest salt treatment, decreased feeding rates and 

burrowing activity were observed at each of five extraction dates. However, we did not observe dose‐

dependent mortality over 21 days. Body burdens of major cations and metals remained relatively 

unchanged over time and across treatments except for Mn, which decreased in earthworm bodies and 

guts by factors of 3 and 4, respectively. It is clear that earthworms experienced significant stress as Na 

levels increased, but a direct physiological, mechanistic explanation remains to be seen. The influence of 

Na in this experiment using high yet field‐relevant concentrations was such that L. terrestris was 

subjected to an environment severely depleted of macro‐ and micronutrients. 

In the spring and summer of 2008 an earthworm survey was conducted in seven stormwater 

retention basins within the Red Run watershed.  These ponds were selected from the larger group of 68 

ponds used in the amphibian survey conducted as part of the primary objective of this grant.  These 

ponds were selected based on hydro‐period and conductivity measurements made on standing water in 

the ponds.  Short hydro‐period ponds were selected as sites because these offered the most suitable 

habitat for earthworms.  Inside the wetted perimeter of each pond, three 25 cm2 quadrats were 

surveyed for earthworms near the input, middle and output of each pond.  Composite soil samples were 

also collected at each location.  Soils were analyzed for extractable trace metals and cations.  The results 

of this survey suggest that Na+ concentration in the soils is the controlling factor for earthworm 

distribution with in the ponds surveyed.  Earthworms were present in all ponds but only in locations 

where Na+ soil levels were below 60 mg/kg.  Trace metal levels, Zn in particular, did not seem to have an 

impact on the occurrence of earthworms in the stormwater ponds as worms were present and absent at 

locations with Zn levels between 60 and 600 mg/kg.  The Na+ in these ponds is derived from road salt 

application and appears to be having a negative impact on the distribution of earthworms in stormwater 

pond soils. 

Overall, our results suggest that the use of ponds by wood frogs is limited by road salt 

contamination, but less sensitive species such as American toads are not affected to the same extent. 

Important soil invertebrates are also being impacted by road salt in stormwater pond soils. Our results 

also suggest that road salts are interacting with other pollutant in the water column and soils of ponds 

that modifies toxicity and transport processes.  

 



Goal 4: Examine breeding habitat choice in natural and recently urbanized 

landscapes to determine if amphibians select or avoid stormwater ponds as breeding 

sites.  

To investigate the potential impacts of stormwater ponds on amphibian populations we 

intensively surveyed three second‐order watersheds of the larger Red Run watershed and three second‐

order watersheds that were predominately forested (Brand and Snodgrass, 2010). In suburban 

watersheds, most (89%) of the wetlands that had breeding activity were either stormwater ponds or 

were otherwise artificial.  This pattern was also evident in the forested watersheds, where amphibians 

were primarily found breeding in wetlands created by past human activity.  Late‐stage larvae were 

found only in anthropogenic wetlands in all study areas because the remaining natural wetlands did not 

hold water long enough for larvae to complete development.  Our results suggest that in urban and 

suburban landscapes with naturally low densities of wetlands, wetlands created by current or historic 

land uses may be as important to amphibian conservation as natural wetlands or pools. 

 
Number and degree of students supported: 
Five undergraduate students 
 

Maria Brown. Undergraduate student, BS Environmental Science (Western Washington University), 
2010. Maria was partially support by an REU NSF grant and USGS during the summer of 2009 and 
worked on the interaction of copper and salt in determining toxicity of water for amphibian 
embryos. 
 
Emily Dobbs. Undergraduate student, BS Environmental Science (Transylvania University), 2010. 
Emily was partially support by an REU NSF grant and USGS during the summer of 2009 and worked 
on the role of stratification in controlling amphibian embryo exposure to road salt in wetland 
systems. 
 
Kristin Lazzerri. Under graduate student, BS Geology (Towson University), 2010. Kris worked on a 
number of aspects related to the project including earthworm field surveys, groundwater and soil 
sampling and chemical analysis of water samples.  Kris also was the lead for surface water survey 
project Kris graduated from Towson in 2010 and is currently working on her MS in Geology at 
Lehigh University. 
 
Richard F.  Vreeland.  Undergraduate student, BS Chemistry (Towson University), 2010. Richard 
performed research on the effects of de‐icing salts in simulated runoff on cation composition of 
multiple stormwater pond soils in column experiments. 
 
Katherine Wooten. Undergraduate student, BS Crop and Soil Environmental Science (VA Tech), 
2008.  Katie initiated the experiment evaluating the effects of de‐icing salts in simulated runoff on 
cation composition of multiple stormwater pond soils using column experiments. 
 



Five Master’s students 
 

Adrianne B. Brand. Graduate student, MS Biology (Towson University), 2008. Adrianne investigated 
the potential role of stormwater ponds as ecological traps for amphibians. Adrianne is currently 
working with the Northeast Amphibian Research and Monitoring Initiative of the USGS at the 
Patuxent Wildlife Research Center (http://www.pwrc.usgs.gov/nearmi/team/).  
 
Robert Flora. Graduate Student, MS Environmental Science (Towson University), active. Rob’s 
thesis is in progress.  Rob was the field lead for the intensive groundwater monitoring project in the 
Red Run Watershed.  He coordinated the installation of the monitoring network and organized all 
sampling efforts at our primary field site.  He was also primarily responsible for the analysis of all 
water and soil samples from this field site. 
 
Matthew Gallagher. Graduate student, MS Biology (Towson University), 2009. Matt was the lead 
on investigation of pollutant loads and landscape‐scale surveys of amphibians. Matt also conducted 
a series of laboratory bioassay with amphibians. He currently works for the DC Department of the 
Environment. 
 
Derek W. Rodgers.  Graduate student, MS Environmental Science, (Towson University), 2009. 
Derek performed research on the impacts of salinization on cation composition of stormwater 
ponds soils and the subsequent changes in toxicity to earthworms and the bioavailability of Zn to 
earthworms. Derek is currently working for an environmental consulting firm. 
 
Ashley Whiting. Graduate student, MS Environmental Science (Towson University), active. Ashley is 
working on a collaborative project with USFWS on salt and sediment toxicity associated with 
urbanization to Yellow Perch and helped with analysis of water and sediment samples during the 
summer of 2010. 

 
Papers (** indicates graduate students and * indicates undergraduate students) 
 
Brand**, A. B. 2008. Sormwater Ponds in an Urbanizing Watershed: Landscape Change and Habitat 

Value for Amphibians. MS Thesis, Towson University, Towson, MD. 

Brand**, A. B., J. W. Snodgrass and M. T. Gallagher. In review. Stormwater pond construction as a 

mechanism of wetland change: implications for wildlife and management. Biological 

Conservation.  

Brand**, A. B., and J. W. Snodgrass. 2010. Value of Artificial Habitats for Amphibian Reproduction in 

Altered Landscapes. Conservation Biology 295‐301. 

Brand**, A. B., J. W. Snodgrass, M. T. Gallagher**, R. E. Casey, and R. Van Meter**. 2010. Lethal and 

sublethal effects of embryonic and larval exposure of Hyla versicolor to stormwater pond 

sediments. Archives of Environmental Contamination and Toxicology 58:325–331. 



Brown*, M. G., E. K. Dobbs*, J. W. Snodgrass, and D. R. Ownby. In review. Ameliorative effects of sodium 

chloride on acute copper toxicity among Cope's Gray Tree Frog (Hyla chrysoscelis) and Green 

Frog (Rana clamitans) embryos. Aquatic Toxicology. 

Dobbs*, E., M. Brown*, J. W. Snodgrass, and D. R. Ownby. In review. Salt Toxicity to Treefrog (Hyla 

Chrysoscelis) Dependences On Depth. Herpetologica. 

Casey, R. E., S. M. Lev, J. W. Snodgrass. In revision. Stormwater ponds as a source of long‐term surface 

and ground water salinization. Water, Air, and Soil Pollution. 

Gallagher**, M. T. 2009. Pollutant Impacts on the Distribution of Wood Frogs (Rana sylvatica) 

associated with Stormwater Management Ponds. MS Thesis, Towson University, Towson, MD. 

Gallagher**, M. T., J. W. Snodgrass, D. R. Ownby, A. B. Brand**, R. E. Casey, S. Lev. In press. Watershed‐

scale analysis of pollutant distributions in stormwater management ponds. Urban Ecosystems.  

Rodgers**, D. W. 2009. Zn in salinized soils : combined effects on Lumbricus terretris (L.). MS Thesis, 

Towson University, Towson, MD. 

Rodgers**, D. W., S. M. Lev, J. W. Snodgrass, D. R. Ownby, L. M. Prince*, and R. E. Casey.  2011.  

Development of an enriched stable isotope tracer technique to estimate the soil Zn pool 

available to Lumbricus terrestris (L.) across a salinization gradient. Environmental Toxicology and 

Chemistry 30:607‐615. 

Vreeland, RF, K Wooten, SM Lev, RE Casey. In preparation. Impacts of road salt on trace metal binding in 

stormwater retention ponds soils. 

 
Presentations at Technical and Scientific Meetings (** indicates graduate students 
and * indicates undergraduate students) 
 
Lev, S. M. On the road to ruin: Are roadways the next big threat to the Chesapeake Bay Watershed? 

SUNY Stony Brook, Department of Geosciences Seminar Series, Spring 2011. Invited. 

Brown*, M. G., E. K. Dobbs*, J. W. Snodgrass, and D. R. Ownby. Combined effects of sodium chloride 

and copper to the amphibian species, Cope’s Gray Tree Frog (Hyla chrysoscelis) and Green Frog 

(Rana clamitans). 31st Annual Meeting of the Society of Environmental Toxicology and 

Chemistry, Portland, OR, November 7‐11, 2010. 2nd place Undergraduate Platform Award. 

Rodgers**, DW, S. M. Lev, D. R. Ownby, J. W. Snodgrass, and R. E. Casey. Application of a stable isotope 

tracer to estimate the soil Zn pool available to Lumbricus terrestris (L.) across a salinization 

gradient.  31st Annual Meeting of the Society of Environmental Toxicology and Chemistry, 

Portland, OR, November 7‐11, 2010. Poster. 



Brown*, M. G., E. K. Dobbs*, J. W. Snodgrass, and D. R. Ownby. Combined effects of sodium chloride 

and copper to the amphibian species, Cope’s Gray Tree Frog (Hyla chrysoscelis) and Green Frog 

(Rana clamitans). Spring Meeting of the Chesapeake Potomac Region Chapter of the Society of 

Environmental Toxicology and Chemistry, Towson, MD, April 19, 2010. Poster. 

Flora R**, SM Lev, RE Casey, JW Snodgrass. Investigating the storage and transport of roadway salt to 

surface waters in a second order suburban watershed, Owings Mills, Maryland. Spring Meeting 

of the Chesapeake Potomac Region Chapter of the Society of Environmental Toxicology and 

Chemistry, Towson, MD, April 19, 2010. Platform presentation. 

Lazzeri*, K., J.W. Snodgrass, and S. M. Lev. Assessing the influence of storm water BMPs on surface 

water chemistry in the Red Run Watershed, Maryland. Spring Meeting of the Chesapeake 

Potomac Region Chapter of the Society of Environmental Toxicology and Chemistry, Towson, 

MD, April 19, 2010. Poster. 

Rodgers**, D. W., S. M.  Lev, D. R. Ownby, J. W. Snodgrass, and R. E. Casey. Application of a stable 

isotope tracer to estimate the soil Zn pool available to Lumbricus terrestris (L.) across a 

salinization gradient. Spring Meeting of the Chesapeake Potomac Region Chapter of the Society 

of Environmental Toxicology and Chemistry, Towson, MD, April 19, 2010. Oral Presentation. 

Teasley IV*, W. A., and D.R . Ownby. Modeling wetland plant, cattail (Typha spp.) and softstem bulrush 

(Scirpus validus), trace metal accumulation in an urban constructed wetland. Chesapeake‐

Potomac regional SETAC Meeting, Towson University, Towson, MD, April 19, 2010. Poster. 

Brown*, M. G., E. K. Dobbs*, J. W. Snodgrass, D. R. Ownby. Platform presentation. Combined effects of 

sodium chloride and copper to the amphibian species, Cope’s Gray Tree Frog (Hyla chrysoscelis) 

and Green Frog (Rana clamitans). Pacific Northwest regional SETAC Meeting, Fort Worden State 

Park, Port Townsend, WA, April 15‐17, 2010. Best Undergraduate Presentation Award. 

Casey, R. E. Road salt and soils: cation impacts on metal mobility and bioavailability.   Center for Urban 

Environmental Research and Education, University of Maryland‐Baltimore County, March 24, 

2010. Invited. 

Snodgrass, J. W., S. M. Lev, R. E. Casey, and E. R. Landa. Unintended Consequences of Storm Water 

Management Practices: Benefits and Opportunities. Roads and Wildlife in Maryland: Assessing 

and Mitigating Impacts. Hanover, Maryland, March 16, 2010. Invited. 

Lev, S. M., RE Casey, J. W. Snodgrass and D. R. Ownby. Source or Sink: Investigating the role of storm 

water retention basins in the urban landscape. Fall Meeting of the American Geophysical Union, 

San Francisco, CA, December 14‐18, 2009. Invited. 



Snodgrass, J. W., S. M. Lev, R. E. Casey, and E. R. Landa. Unintended Consequences of Storm Water 

Management Practices: Benefits and Opportunities. The Maryland Water Monitoring Council 

15th Annual Conference, Maritime Institute, North Linthicum, MD, December 3, 2009. Invited. 

Rodgers**, D. W., R. E. Casey, S. M. Lev, D. R. Ownby, and J. W. Snodgrass. Salinized stormwater pond 

soils: effects on soil chemistry and Lumbricus terrestris. 30th Annual Meeting of the Society of 

Environmental Toxicology and Chemistry, New Orleans, LA, November 19‐23, 2009. Poster. 

Vreeland*, R., K. Wooten*, S. M. Monk, S. M. Lev, and R. E. Casey. Investigating the effects of road salt 

on trace metals in stormwater retention ponds. 30th Annual Meeting of the Society of 

Environmental Toxicology and Chemistry, New Orleans, LA, November 19‐23, 2009. Poster. 

Flora**, R., S. M. Lev, R. E. Casey, and J. W. Snodgrass. Investigating the storage and transport of 

roadway salt to surface waters in a second order suburban watershed, Owings Mills, Maryland.  

30th Annual Meeting of the Society of Environmental Toxicology and Chemistry, New Orleans, 

LA, November 19‐23, 2009. Poster. 

Snodgrass, J. W., S. M. Lev, R. E. Casey, and E. R. Landa. Road salts in the Suburban Landscape: 

Transport, direct effects and Interactions with Other Pollutants. Toxics in Maryland Waters, 

Maryland Water Resources Research Center, College Park, Maryland, November 6, 2009. 

Invited. 

Vreeland*, R., K. Wooten*, S. M. Monk, S. M. Lev, and R. E. Casey. Investigating the effects of road salt 

on trace metal fate and mobility in stormwater retention ponds.  12th Annual Undergraduate 

Research Symposium in the Chemical and Biological Sciences, Catonsville, MD, October 10, 

2009. Poster Presentation. 

Flora**, R., S. M. Lev, R. E. Casey, J. W. Snodgrass, and E. R. Landa. Investigating the storage and 

transport of road salt to surface waters in an urban watershed. Spring Meeting of the 

Chesapeake Potomac Region Chapter of the Society of Environmental Toxicology and Chemistry, 

Patuxent, MD, April 27, 2009. Poster. 

Rodgers**, D. W., R. E. Casey, S. M. Lev, D. R. Ownby, and J. W. Snodgrass. Na:K ratios as a potential 

stressor to Lumbricus terrestris.  Spring Meeting of the Chesapeake Region of the Society of 

Environmental Toxicology and Chemistry, Patuxent, MD, April 27, 2009. Best Student Poster. 

Vreeland*, R., K. Wooten*, S. M. Monk, S. M. Lev, and R. E. Casey. Investigating the effects of road salt 

on trace metals in stormwater retention ponds. Spring Meeting of the Chesapeake Potomac 

Regional Chapter of the Society of Environmental Toxicology and Chemistry, Patuxent, MD, April 

27, 2009. Poster. 



Ownby, D. R., R. E. Casey, S. M. Lev, and J. W. Snodgrass. Environmental impacts and biogeochemical 

evaluation of stormwater retention ponds: Red Run watershed, MD case study. The 237th ACS 

National Meeting, Salt Lake City, UT, March 22‐26, 2009. Invited. 

Snodgrass, J. W., S. M. Lev, R. E. Casey, and E. R. Landa. Impacts of fine sediments on the biota of aquatic 

habitats: pollutant sources and habitat modification. Fine Sediment and the Chesapeake Bay 

Watershed. Maritime Institute, Baltimore, Maryland, September 16‐16, 2008. Invited. 

Flora**, R., S. M. Lev, R. E. Casey,  J. W. Snodgrass, and E. Landa.  Investigating the storage and transport 

of road salt to surface waters in an urban watershed. SETAC North America Meeting, Tampa, FL, 

November 16‐20, 2008. Poster. 

Ownby, D. R., M. T. Gallagher**, A. B. Brand**, J.W. Snodgrass. Land use impact on stormwater 

retention pond contaminants: A case study on the Red Run Watershed, MD. SETAC North 

America Meeting, Tampa, FL, November 16‐20, 2008. Poster. 

Lev, S. M. The impact of storm water runoff on water quality in urban systems. Urban Land Institute, 

Baltimore, MD, Spring 2008. Invited. 

Snodgrass, J. W., S. M. Lev, R. E. Casey, and E. R. Landa. Amphibian Communities in Urban Wetlands: 

Composition and Structuring Factors.  Baltimore Ecosystem Study Quarterly Research Meeting, 

University of Maryland Baltimore County, Baltimore, Maryland, 23 January 2008. Invited. 

 
Notable awards and achievements 
 
Brand and Snodgrass (2010) received coverage on the front page of Conservation Maven, an online hub 
for the conservation community (http://www.conservationmaven.com/frontpage/2009/8/17/do‐
created‐wetlands‐aid‐amphibian‐conservation.html). 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Background Information 

 
GOAL 

The long-term goal is to provide low-cost treatment options for small to medium-scale farmers 
that produce renewable energy and reduce environmental degradation and greenhouse gas 
emissions. To achieve this goal, two types of modified low-cost digesters will be designed, 
implemented, studied, and modeled over a three-year period to provide long-term research on a 
system that has not been fully explored.  A research protocol will be developed for studying low-
cost digestion systems, and an operation and maintenance plan will be developed that is 
appropriate for farmers wanting to adopt this accessible technology at their farms.  
 

 

LITERATURE REVIEW 

Improper treatment of dairy manure results in contamination of waterways, noxious 
odors, and the release of methane, which is a greenhouse gas with 21 times the global warming 
potential of carbon dioxide (USEPA, 2004). Agricultural runoff and wastewater from animal 
operations are currently the dominant source of nonpoint-source pollution to surface waters in 
the United States, contributing to pathogen proliferation, siltation, oxygen depletion, and 
elevated nutrient concentrations in streams and reservoirs (USEPA, 2002).  The majority of 
generated waste from animal containment facilities is held in waste lagoons.  After initial 
settling, the wastewater is land-applied onto nearby fields.  There are numerous potential public 
health and environmental concerns associated with these lagoon-sprayfield waste management 
systems (Hill, 2003). Lagoon failures and flooding have caused waste spills, groundwater has 
been contaminated due to seepage, and surface waters have been impacted from sprayfield runoff  
(Mallin et al., 1997; Parker et al., 1999).  In addition, there are negative social perceptions 
associated with lagoons due to odor emanation and negative landscape appeal (Schiffman, 1998).  

An anaerobic digestion system can be used in place of a lagoon system and transform 
animal waste into an environmental and economic benefit. A digester provides an optimal 
environment for microorganisms that produce methane by using the wastewater as a nutrient 
source. The digestion process results in a number of benefits: the captured methane becomes a 

source of renewable energy, a liquid fertilizer 
is created, and wastewater pollution, 
greenhouse gas emissions, and noxious odors 
are sharply reduced (USEPA, 2004).  A 
digester sharply reduces the organic matter 
and phosphorus content of the wastewater, 
thus reducing surface pollution from land 
application and drastically reducing its 
potential odor and water pollution problems 
(Figure 1).  In addition, a digester can add 
value to manure, which is often viewed as a 
waste and not a resource.   
 

Figure 1: Digesters can reduce water and odor pollution from dairy facilities by eliminating lagoon management 

systems, increasing nitrogen (N) and phosphorus (P) soil infiltration, and reducing surface runoff of organic 

pollutants, N, and P and emissions of methane (CH4), carbon dioxide (CO2), hydrogen sulfide (H2S), and ammonia 

(NH3) both from the lagoon and the fields after application. 
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In the United States, previous digester research has focused exclusively on industrialized 
systems that are capital and management-intensive, and with an average cost of $1.0 million, are 
inaccessible to medium and small-scale farmers (USEPA, 2006). Of the 114 existing digesters in 
the United States, 88 are located on dairy farms.  Due to capital requirements, the U.S. EPA 
recommends digester installation for herds with more than 500 cows, which puts this beneficial 
technology out of the hands of the overwhelming majority of Maryland stakeholders (USEPA, 
2006). Ninety-four percent of Maryland dairies (774 farms) have less than 200 dairy cows, and 
only 8 farms in Maryland have more than 500 dairy cows. This trend is observed throughout the 
Chesapeake Bay watershed, with 94.5 % of the dairy farms having less than 200 cows and only 
1.2 % having 500 cows or more (USDA, 2004). Dairy operations with fewer than 200 cows have 
been found to be significant contributors of water pollution and could greatly benefit from the 
environmental and economic benefits of anaerobic digestion (MacDonald et al., 2007). 

Low-cost anaerobic digestion is a proven technology in developing countries, with over 
10 million low-cost digesters in India, China, and Latin America (Abraham et al., 2007; Lansing 
et al., 2008b).  The transfer of this technology to temperature zones in the United States has not 
been explored previously.  This project seeks to fulfill this research gap by investigating 
modified low-cost digesters in Maryland for technology transfer to dairy farms throughout the 
Chesapeake Bay watershed. The results of this research will support the development of 
digesters that can be used by the vast majority of dairy farmers in Maryland to treat their manure, 
obtain renewable energy and a higher quality fertilizer, and increase the economic viability of 
their farm by offsetting electricity and heating costs.  Lowering the cost of anaerobic digestion 
systems in the Chesapeake Bay watershed could lead to high adoption rates of this technology, 
resulting in less organic pollutants and nutrients reaching the Chesapeake Bay from the over 
15,000 small to medium-scale dairy farms in the watershed and greater energy independence and 
economic incentives for waste treatment for the majority of farms in the region.   

In low-cost, plug flow digesters, 90 % of the organic material is removed, which is 40 % 
higher than the industrial mixed digesters favored in the United States (Lansing et al., 2008b). 
Releasing organic matter into aquatic environments can lead to deoxygenation of waters and 
large-scale fish and invertebrate kills.  Additionally, solids associated with organic wastes 
increase turbidity, reduce light penetration for photosynthetic organisms, and settle on the 
substratum, altering the benthic invertebrate communities.  Low-cost plug-flow digesters have 
higher organic matter removal efficiencies than completely stirred industrial digesters due to 
longer solids retention time, which promotes further degradation of the organic material and 
results in improved water quality in surrounding waterways (Hobson, 1990).  Additionally, over 
97 % of the pathogens are removed from the wastewater during digestion in low-cost, mesophilic 
systems (Khang and Tuan, 2002; Lansing et al., under review). 

Total nitrogen and phosphorus concentrations are reduced by 35 to 70 % in plug-flow 
digesters, and the remaining nutrients are transformed from an organic to dissolved state during 
digestion, which is a more useful form for plant uptake.  Due to higher total phosphorus retention 
rates in low-cost digesters, the fertilizer value of the effluent is higher than raw manure and 
effluent from completely mixed digestion systems, which do not retain phosphorus.  The average 
N:P ratio of plug-flow digester effluent is 7:1, which is higher than undigested manure (4:1) and 
closer to corn nutrient uptake needs (7.5:1) (Edwards and Daniel, 1992). Previous studies have 
shown that digester effluent enhances crop production in relation to raw manure (Massé et al., 
2007). The liquid effluent from plug-flow digesters has also been used successfully as an 
aquaculture feed and treated to tertiary standards in wetland cells (Lansing et al., 2008b).  
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The benefits of anaerobic digestion also include reductions in greenhouse gas emissions 
and nitrogen (N) losses.  In anaerobic digestion systems, methane that is naturally produced from 
stored manure is captured and combusted.  Additionally, the digested effluent has a decreased 
C:N ratio, resulting in a lower viscosity, which increases N mineralization and plant uptake 
shortly after application, and decreases N leaching, N loss through denitrification, and ammonia 
emissions due to increased infiltration into the soil surface (Chaussod et al., 1986; Rubaek et al., 
1996; Massé et al., 2007). The environmental benefits of low-cost anaerobic digestion in terms 
of water quality, renewable energy production, and greenhouse gas reductions make this 
technology timely to address the needs of farmers, Chesapeake Bay watershed stewards, and the 
state of Maryland’s carbon reduction and renewable energy targets. 
 
Low-Cost Digesters 

Digesters provide an environment conducive to the growth of the bacteria involved in the 
transformation of organic matter to carbon dioxide and methane. Two temperature ranges are 
optimum for anaerobic digestion: mesophilic (25 – 40 ºC) and thermophilic (50 – 65 ºC). The 
digesters in this proposed study will be mesophilic (28 ºC). Low-cost digesters are often plug-
flow, the contents are not mixed, and continuous management or internal heating is not required 
when located in a tropical climate (Chará et al., 1999). The solids tend to settle out, resulting in 
better degradation of solids in these systems compared to industrialized completely mixed 
reactors, which use a portion of the produced biogas to heat and mix the digester (Hobson, 1990; 
Berglund and Börjesson, 2006). The majority of digester studies have been conducted on lab-
scale completely mixed reactors. 

Previously, little information existed on low-cost digesters.  The PI conducted three 
investigations on low-cost digesters in Costa Rica from 2005 – 2008 (Figure 2).  The studies 
investigated variability in biogas quality and water pollutant reductions in seven digesters located 
at small farms in Costa Rica (Lansing et al., 2008a), the production of electricity using combined 
biogas from low-cost swine and dairy digesters (Lansing et al., 2008b), and methane production, 
wastewater pollutant reductions, and fertilizer utility in 12 field-scale, low-cost digesters co-
digesting swine manure and used cooking grease (Lansing et al., 2010). 

The digester variability study revealed that the digesters reduce organic matter by 84.1 %, 
produce biogas with 66.3 % methane, and increase NH4-N by 78.3 % (Lansing et al., 2008a).  In 
the electricity production study, the dairy and swine digesters produced 33.5 m3/day of biogas, 
with 64.8 % methane and reduced organic matter by 89.0 %, meeting 82 % of the farm’s 2-hour 
peak electricity demand (25.8 kW/day).  The $21,000 capital cost of the project will be recovered 
in 10 years through electricity savings and wastewater fines reductions (Lansing et al., 2008b).  

The co-digestion experiments revealed that combining swine manure with 2.5 % used 
cooking grease increased the methane production by 111%, and no additional benefits were seen 
by increasing the grease concentration beyond 2.5 % due to the lower quality of biogas 
produced.  No adverse effects were observed from co-digesting with 2.5 % grease in terms of 
organic matter removal (94.7 %), pathogen reduction (98 %), and grease removal (98 %).  There 
was less phosphorus reduction with co-digestion (33.5 %), resulting in lower N:P ratios in the 
grease treatment groups compared to the control (0 % grease) (Lansing et al., 2010).  
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Figure 2: Pictured is a low-cost 

digester that treats dairy manure and 

produces electricity in Costa Rica.  

The biogas from the digester bag 

flows through the biogas outlet to two 

biogas storage bags located above the 
digester. 

 
 
 
 

 
 
 
 

 
In addition to these investigations, similar wastewater reductions and biogas production 

have been found in other low-cost digestion studies in Costa Rica (Botero and Hernández, 2005), 
Colombia (Pedraza et al., 2001), Vietnam (Khang and Tuan, 2002), and Mexico (Esquivel et al., 
2002).  The baseline data and experiences from these digester studies were used in designing 
both the digesters and experimental protocol used in this study.  These previous investigations 
demonstrated that small-scale digesters are ideal systems for rural farmers to treat livestock 
wastewater and obtain renewable energy from their waste products when located in a tropical 
climate.  The current study takes low-cost digesters to the next level by utilizing the basic design 
principles of low-cost digesters and adapting them to temperate climates.    
 
Digester Design 

The digesters used in these previous studies were made of polyethylene and were 
constructed using the Taiwanese biodigester design developed by Raul Botero and T.R. Preston 
(Figure 3) (Botero and Preston, 1987). The material to be used in the proposed project is a 
thicker, more durable, and insulating geomembrane material and has been successfully used in 
the highlands of Mexico (Eaton, personal communication). There have been previous digesters 
built in Costa Rica and Bolivia at high altitudes that were enclosed in a greenhouse structure 
similar to the structure in the design of the current project (Marti Herrero, 2007; Gonzalez, 
personal communication).  

The preheating of the digester influent is a cost-saving method that has been studied at the 
field-scale level on sophisticated digestion systems by Avatar Energy, Inc. (Roberts, personal 
communication). This system included both preheating of the digestion materials and continual 
heating of the digester environment.  When continual heating is used, the digester materials 
become much more expensive, thus putting anaerobic digestion technology beyond the financial 
ability of the majority of dairy farms.  Utilizing only pre-heating digestion apparatus and keeping 
the simpler geo-membrane PVC digester design of low-cost digesters has not been explored.  

Specifically, in the current research, it will be determined whether preheating alone can 
maintain the mesophilic temperatures (25 – 40 ºC) needed for optimal methane production or if 
recirculation of the heated digester effluent is needed to maintain an optimal temperature range.  
Neither of the proposed designs has been tested on the field-scale level.  Recirculation of the 
effluent has been previously used in an internally heated, plug-flow digester in Minnesota 
(Martin, 2005).  The recycling of the effluent to the front of the digester was used for used to 
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improve treatment capability in this study, but the digester cost was $550,000, in large part due 
to the materials needed for internal heating of the digestion environment. 

A report has been released by the Minnesota Project that details current options for small-
scale producers (Goodrich, 2007).  The capital cost for a 100-cow farm based on five current 
technology options was $105,000 - $184,000, with the lowest cost model being an untested 
model that was proposed by the report as a possible future lower-cost design.  All of the digesters 
in this report were internally heated, which drastically increases the cost of materials and places 
these digesters out of the financial means of the average Maryland farmer.  The proposed design 
strives to lower the overall capital costs while maintaining the benefits of digestion technology.  
 
 
OUTCOMES AND BENEFITS 

This investigation will quantify methane production, as well as the removal and 
transformation of organic material, solids, and nutrients in low-cost digesters modified for a 
temperate climate. Nine field-scale low-cost digesters, using three separate operating designs, 
will be constructed at the USDA Beltsville Agricultural Research Center (BARC) dairy farm and 
monitored for one year in order to determine the optimal design for low-cost digesters in a 
temperate climate and statistically analyze variability between digester designs over time.  

The study results will be utilized in an emergy analysis to further understanding of 
nutrient dynamics and facilitate predictions of treatment capacity, renewable energy production, 
and capital cost recovery time for future digestion installations on different sized dairy farms.  
Ultimately, the investigation results will facilitate comparisons between low-cost and higher-cost 
digestion systems and access economic viability, treatment capacity, and renewable energy 
production potential of low-cost anaerobic digestion systems for medium to small-scale dairy 
farmers in the temperate United States.  

In addition to publication in peer-review journals, an extension bulletin will be created at 
the end of the study to address the lack of information on low-cost digestion options that are 
available to small and medium-scale dairy farmers. The results from the emergy and financial 
comparisons between different types of digesters will also be included in the extension bulletin 
in order to allow farmers to identify digestion possibilities given the numbers of dairy cows, 
manure management style, and capital investment capabilities.  

The U.S. EPA states that the main barriers to the widespread adoption of anaerobic 
digestion technology are the cost and sophistication of the operating equipment (USEPA, 2006). 
This research will advance the field of digestion technology by creating a system that produces 
renewable energy, while maintaining the simplistic design advantages of low-cost digesters. The 
research reaches across disciplinary boundaries by integrating traditional farming specialties, i.e. 
animal production and crop growth, with ecological engineering. The new knowledge created 
from this research will improve scientific understanding of digesters and provide medium to 
small-scale farmers with a digestion system that produces energy to meet farm needs while 
providing fertilizer for their crops, and reducing nutrient translocation, pathogens, environmental 
degradation, and greenhouse gas emissions. 
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OBJECTIVES  

The stated goals of the project are to: (1) test the ability of low-cost digesters to produce 
energy and treat manure throughout the year in a temperate climate; (2) determine the optimal 
design for low-cost digestion systems in the temperate U.S.; (3) develop a research, operational, 
and maintenance protocol for low-cost digestion systems; (4) develop a emergy analysis using 
the system results in order to enhance understanding of the digester process and its energy use or 
“energy memory,” known as “emergy,” and compare results between small-scale and industrial-
scale digesters.  The specific objectives are stated below: 

 
Objective 1: Design and construct modified plug flow digesters and assess the ability of these 
digesters to quantitatively convert substrate inputs into biogas and liquid effluent. 
 
Objective 2: Conduct an economic analysis to determine the feasibility of installation and 
operation of these types of systems in the temperate United States and compare it to other 
designs using a cash-flow analysis. 
 
Objective 3: To quantify and compare the transformations of carbon (C) nitrogen (N) and 
phosphorus (P) as waste is processed in the UMD digestion system and compare these 
transformations to the large-scale BARC digestion system and their composting system. 
 
Objective 4: To conduct an emergy analysis that will 1) investigate the emergetic costs of the 
system and quantify the contributions of climate, logistics, and design requirements to the total 
input, to 2) judge the degree to which environmental and societal benefits are derived, and 3) 
appraise the overall environmental sustainability of system. 
 

 

Project Update: The proposed project was a three-year project, with funding obtained from 
Maryland Water Resource Center for Years 1 and 2.  The update to the project for Year 1 and 
Year 2 of the granting period are detailed below.  
 

Year 1: Several changes were made to the original project. 
1. The project site was moved from the Clarksville Maryland Research and Education Center 

(CMREC) dairy farm to USDA Beltsville Agricultural Research Center (BARC) dairy farm.  
The movement of the project site will allow for direct comparisons between an industrial 
mixed digester, which is currently operating at BARC, and the experimental low-cost 
digesters that are being built and study as part of this project.  The movement of the project 
site did cause a substantial delay in construction, but also allowed more time for the PI and 
her graduate students to optimize the design and add additional testing components to the 
overall system.  

2. While the movement of the project site did allow for a comparative study between two 
different types of digesters and allowed for new collaborative research efforts between the PI 
from UMD and USDA BARC scientists on digestion technology, it meant that the existing 
treatment wetland at Clarksville could not be utilized.  There is room to add a treatment 
wetland to the end of the experimental digesters in the future, but since wetland construction 
was not part of the grant budget, a polishing treatment wetland will not be included in this 
phase of the project.   It has been proposed that the results from this experimental digester 
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study, which is treating 10% of the waste produced at BARC, be used to construct a full-
scale digester system, with a treatment wetland, at the Clarksville site in the future.   

3. The design of the digesters has been completed.  There are nine digesters being constructed 
with a geo-membrane material, laid in insulative foam beds surrounded by radiant barriers, 
and enclosed within 42-inch corrugated drainage culverts to protect, insulate, and help 
maintain the desired shape of the biodigesters.  After the manure is heated in the kettle, it is 
released into a digester and the hot water from the kettle jacket is circulated through radiant 
piping located underneath each digester bag in order to provide additional heating throughout 
the length of the digester (Figure 3).  The culverts will be partially buried for insulation and 
protected from the elements by a windshield structure. 

4. The dynamic model of the original proposal has been replaced by an emergy and financial 
analyses.  With the movement of the project site to BARC, and the side-by-side comparison 
of the two digester types, the financial component and energy needs/processing of the two 
designs were seen as the more appropriate analyses. 

5. In following with the research objectives, an additional focus has been developed in which 
the digestion of post-solid-separation manure and un-separated manure will be compared in 
terms of energy returns, treatment efficacy, and overall cost savings.  Screening – or the 
separation of the liquid and solid components of the manure – represents additional 
mechanization and cost in the anaerobic digestion process (Wilkie, 2005) and may 
potentially be avoided in low-cost systems. In addition, by studying nutrient dynamics in 
both digesters that treat the entire wastewater stream and those that treat only the effluent 
from the solid separation, we will be able to evaluate the efficiency of solid 
separation/composting for digestion technology both in terms of energy production and 
nutrient removal. 

 
Year 2: The design of the digesters was completed in Year 1.  In Year 2, the construction of the 
digesters was initiated (Objective 1), the financial and emergy analyses were completed 
(Objectives 2 and 4), and preliminary biogas potential data from the BARC digestion site at 
various temperature ranges were determined (Objective 1).  The experiments to test the efficacy 
of the digesters will begin in Year 3 (completion of Objective 1) and comparing the system to 
other digestion systems and composting systems (Objective 3) will be completed.  The Year 3 
components are not considered part of this grant. The results from Year 2 are given below.  The 
results are divided into four sections: Digester Design, Financial Analysis, Emergy Analysis, and 
Biogas Potential.    
 
Year 3: To quantify nutrients transformations and energy production, biogas samples will be 
taken bi-weekly and substrate samples will be taken bi-monthly from each digester at the 
influent, effluent, and intervals of one-quarter, one-half, and three-quarters of the digester length, 
resulting in 76 wastewater samples analyzed monthly, including one duplicate, spike, and blank 
during each sampling period. Biogas samples will be analyzed on a HP 5890 Series II Plus gas 
chromatography (GC) with flame ionization detector to determine the percent CH4. All water 
samples will be analyzed for chemical oxygen demand (COD), total solids (TS), volatile solids 
(VS), ammonium (NH4-N), total nitrogen (TN), alkalinity, volatile fatty acids (VFA), phosphates 
(PO4-P) and total phosphorus (TP) within 48 hours. A YSI® field instrument will be used on-site 
bi-monthly to determine pH, oxidation-reduction potential, and conductivity in each digester.  
All samples will be analyzed according to Standard Methods (APHA, 2005). 



 9

RESULTS 

Digester Design: UMD Digestion System 

The overall digester design includes nine tubular digesters located within drainage culvert 
with a geomembrane bag holding the manure, radiant piping under the digester bag and 
insulation between the digestion bag and the culvert.  The manure is pumped from the storage 
area into two holding tanks (separated and un-separated manure), and then heated by a heating 
kettle, released by gravity into the digester, where it moves in a plug-flow fashion through the 
digester over a period of 25 days.  The effluent is held in individual effluent holding tanks to 
enhance effluent sampling, and then pumped to the BARC digestion lagoon (Figures 3 and 4). 

 
Figure 3: Pictured are six of the 

nine 20” long digesters.  Each 

digester holds 750 gallons of 

wastewater and has a 25 day 

retention time, resulting in a total 

6750 gallons of manure being 
treated by the system.  Six 

digesters receive un-separated 

manure and three digesters 

receive separated manure.  
 
 
 
 
 
 

 
 

 
Figure 4: Modified plug-flow digester highlighting various components 
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Relocating the digester site from Clarksville, MD to Beltsville, MD, while enhancing the 
research opportunities by having an existing digester on-site for comparative studies, also 
resulted in a more complicated conveyance design.  For a full schematic and hydraulic profile of 
the system see Appendices A-C.  The UMD Digestion System is tied into the BARC system at 
both barn scrapper system collection pit and the post separator collection pit.  To prevent 
clogging and by request of the dairy facility management, all pipes connecting into the BARC 
system and those installed under the road, are three inch diameter sch-40 PVC piping.  These 
lines lead to buried 500 gallon holding tanks connected to smaller diameter effluent pipes (Figure 
5).  These holding tanks are an addition to the original design and allow for smaller precise 
quantities (i.e. 25 gallons per pumping cycle) of manure to be pumped into the research system, 
which is not possible with larger piping.  The holding tanks also create an ideal location for the 
addition of external substrate, should future research lead to the investigation of digesting 
varying substances. 
 

Figure 5: Pictured are the two 500-gallon holding tanks used to 

store manure before it is pumped to the heating kettles.  These 

tanks can be used in the future as the location for external substrate 

additions. One tank is designed to receive separated manure while 

the other tank receives un-separated manure. 

 
 
 
 
 
 
 

 
Before the manure is pumped to the digesters, it is heated within a custom-made stainless 

steel kettle (Figure 6).  The kettle, heated from the bottom with using a biogas burner, has a 
water jacket layer that is filled with an ethylene-glycol solution.  The water jacket both prevents 
scouring of manure on the bottle of the kettle and leads to more even heating.  After manure is 
heated, it is released into a digester, via gravity, and the ethylene-glycol solution in the jacket is 
pumped through radiant tubing located under the digester for additional heating.  
 

Figure 6: Pictured is the stainless 

steel kettle used to heat the 

incoming manure.  The cross-

sectional depiction shows the 

outer air shield, middle water 
jacket and tubing, and inner 

manure holding area. 
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Each of the nine digesters was designed with three sampling ports located along the 
length of the digester (Figure 7). The ports were designed to allow both sampling along both the 
horizontal length of the digester as well as vertically.  Each sampling port is equipped with a 
temperature sensor and liquid sampling capabilities.  Each digester has an individual biogas 
collection bag to allow individual measurement of biogas production composition.   

 
 
Figure 6: Pictured is an internal view of the digesters showcasing the sampling ports before manure addition and 

schematic of sampling port locations. 

 
 
FINANCIAL ANAYLSIS 

 
After construction of the digesters, an evaluation of the capital costs of the system was 

performed.  The cost of research system totaled $83,400.  The system component costs are listed 
in Table 1.  
 
Table 1: Capital Costs of nine-unit Research Digesters 

Capital Costs  Per Unit (dollars 2011)  Total (dollars 2011)  

Digester  2,520  22,510  

Sampling Ports  470  4,110  

Recirculation 260  1,820  

Biogas System  250  5,110  

Subtotal:  3,500  33,550  

Site Preparation   10,380  

Conveyance   12,820  

Automation   11,890  

Electrical   4,800  

Other   9,960  

Total:   83,400  
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The majority of the digester cost is due to the geo-membrane bag and drainage culvert.  
The cost of the project exceeded initial expectations due to the addition of second substrate line 
as well unforeseen site-preparation and construction costs and the addition of three more 
digesters to test the difference in biogas production between separated and un-separated manure.  
Constructing both separated and un-separated manure digesters, while significantly enriching the 
research opportunities of the digesters, doubled the cost of conveyance system by requiring twice 
as many pumps, length of tubing, heating kettles, etc.  Additional unforeseen costs came in the 
form of site preparation.  The ground water table at the BARC site is shallow requiring the 
addition of drainage beds and sump pumps.  The numerous existing utilities that needed to be 
worked around, including an 18” drainage culvert, added additional complexity and costs to the 
system.  It should be noted, that while these costs are represented in the financial analysis 
completed on this system, many published digester costs are based on theoretical, non-
constructed systems and therefore do not include costs associated with the fluid nature of 
construction. 
 

When the system is scaled up for a 100-cow dairy facility, the total capital costs become 
$186,000.  The system component costs are listed in Table 2.   
 
Table 2: Capital Costs of 100-cow Digester 

Capital Costs  Per Unit (dollars 2011)  Total (dollars 2011)  

Digester  5,340  86,360  

Sampling Ports  -  -  

Recirculation -  3,790  

Biogas System  -  5,000  

Subtotal:  5,340  95,150  

Site Preparation   10,000  

Conveyance   51,560  

Automation   8,520  

Electrical   4,800  

Other   16,000  

Total:   186,030  

 
As with the research scaled digesters, the main cost of the digesters for the scaled-up 

system include the geo-membrane bags and the culverts.  The largest cost of the system is 
conveyance and is mostly affected by the cost of the stainless steel heating kettle.  The cost of 
this system, while comparable to other systems of its size, did not stay within its original 
proposed cost.  Some of this is due to the site preparation issues discussed earlier.  Other reason 
is the high cost of the materials, specifically the geo-membrane bags, culverts, and kettle. 
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EMERGY ANALYSIS 

Introduction 

An emergy analysis was conducted on the University of Maryland anaerobic digesters 
and used to assess the appropriateness of the system design both in terms of its energy 
consumption to energy production ratio and its impact on the local environment.  The use of 
emergy analysis as a tool for assessing total energy inputs into systems and economies is well 
documented in scientific literature and has been accepted in the U.S. as a means of assessing 
environmental and monetary sustainability (Campbell & Ohrt, 2009; Brown & Buranakarn, 
2000; Odum et al., 2000).  It’s utility is the result of accounting procedures that transform all 
energy and material inputs in a system into a single accounting unit – the solar emjoule – that 
serves as a common denominator and allows comparison between any system of interest.  The 
use of the emjoule is based on the premise that all materials, energies, and associated 
transformations are inherently derived from solar energy inputs, and all accounting is therefore 
conducted to relegate line items into the accumulated solar energy that they each possess.  
Emergy literature evaluating anaerobic digestion is scarce, and those published evaluations that 
do exist have focused primarily on the complexities of emergy accounting (Bastianoni and 
Marchettini, 2000), the use of municipal wastes for electricity generation (Björklund et al., 
2001), and the environmental impact of AD versus other agricultural waste-management systems 
(Zhou et al., 2010).  The analysis conducted through the support of this grant sought to assess the 
suitability of the University of Maryland anaerobic digestion system in the context of the small-
scale farms that they were meant to service. 
 
Methods 

A system diagram and an emergy table were generated for the University of Maryland 
anaerobic digesters (Figure 6, Appendix D) depicting all major inputs into the system, and 
emergy calculations were derived from the relationships elaborated within the diagram and 
subsequent table.  Three primary indices generated from these calculations depicted in the 
emergy table (Appendix D) followed standard emergy procedures (Brown and Ulgiati, 2001) and 
included: 1) an environmental yield ratio (EYR) which describes the efficiency of the system in 
assimilating outside resources for the creation of biogas, 2) an environmental loading ratio (ELR) 
which provides an indicator of environmental stress created by the construction and operation of 
the system, and 3) an emergy sustainability index (ESI) which compares the ratio of the system’s 
energetic yield to environmental stress to provide an index of long-term compatibility with the 
surrounding environment.  
 

Results 

The University of Maryland’s anaerobic digestion system had an EYR of 1.19, which 
indicates marginal efficiency in the utilization of outside resources (e.g. electricity, labor, and 
materials) for the creation of biogas; the ELR for the system was 5.34, indicating that the system 
exerted a moderate level of environmental stress on the surrounding ecosystems; and the ESI was 
0.21, which indicates a marginal level of environmental sustainability.  These indices underscore 
the need for further refinement of the anaerobic digestion system developed by the University of 
Maryland.  However, it should be noted that the poor performance could be almost entirely 
attributed to the originating sources of embodied energy within the manure processed by the 
system.  This insinuates that the source of the environmental stress and poor sustainability 
indicated by the analysis lies not in the construction, operation, or maintenance of the digesters, 
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but in the grain production system that feeds the cattle that generate the manure.  A comparative 
analysis investigating the relationships between the Maryland digesters and traditional, high-
capital digesters prevalent in the United States – currently being conducted – will shed more 
light on the relative impact and efficiency of UMD’s low-cost systems. 

 
Figure 6:  A system diagram 

for the University of 

Maryland digesters depicting 

energy and material inputs to 

the on-farm digester system 

(circles located outside the 

system boundary).  These 

sources feed energy sinks 

(ambient temperature) and 

transformations (manure 

heating) that in turn 

contribute to the anaerobic 
digestion process, resulting 

in a nutrient slurry and 

biogas as end-products for 

farm use. 

 
 
 

 

 

 

 

BIOMETHANE POTENTIAL 

In Maryland, milking cows on dairy farms produce approximately 4.92x106 lbs of manure daily. 
Anaerobic digestion offers a system that can treat manure while producing methane as a source 
of renewable energy. However, the efficiency of methane production in anaerobic digesters 
decreases when the temperature decreases. This poses a problem in temperate climates, such as 
Maryland. To counter this problem, digesters in temperate climate are designed with internal 
heating systems that use the biogas produced as the source of heat.  
 

 
Figure 7:  Average high and low 

temperatures at the BARC digestion 

facility in MD.  These temperature 

fluctuations were used to design a 

BMP experiment based on the 

ambient temperature at BARC in 

order to determine biomethane 

production potentials if no expensive 

heating components were utilized. 
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This is not a cost-effective method, especially in the winter when there is a greater need 
for the energy produced and on small to medium-scale farms where co-generation systems, 
which use waste heat from a generator to supplement digester heating, are too expensive. The 
UMD Digestion System was designed for pre-heating and insulation with pex tubing for radiant 
heating, but there is not any continuous heating of the digester.  In order to predict the amount of 
biogas and methane that could be produced by the separated and unseparated manure at the 
Beltsville Agricultural Research Center (BARC) at all possible digestion temperatures, biogas 
potential studies were conducted at three different average Maryland temperatures: 4°C (winter 

average), 14°C (spring/fall), and 24 °C (summer) (Figure 7). 

The results from the biomethane potential experiments (BMPs) were then used to predict 
the amount of biogas and methane produced in lab-scale setting with the amount of biogas and 
methane produced in the field scale UMD digesters. Prior to the BMP testing, the separated and 
un-separated manure was analyzed for chemical oxygen demand (COD), total solids (TS) and 
volatile solids (VS) to determine the biogas potential of the various wastewater sources, as COD 
and VS are related to the organic material that can be degraded and convert to methane within a 
digester (Table 3). All samples were analyzed according to Standard Methods (APHA, 2005). 

 
Table 3: Chemical analysis of the Separated and Un-Separated manure used in the UMD Digestion Systems. 

 
 
 
 
 
 
 
 

 
In BMP experiments, the waste material and a 

source of inoculum are combined into 250 mL serum 
bottles. The bottles are purged with nitrogen and 
hydrogen gas and topped with rubber septa (Figure 8). 
The BMP experiments were conducted for 45 days. 
The amount of biogas and methane produced are 
monitored for 30-90 days, when biogas production 
has largely ceased. Biogas samples were analyzed on 
a HP 5890 Series II Plus gas chromatography (GC) 
with flame ionization detector to determine the 
percent CH4.  
 

Figure 8: BMP set-up for testing methane potential at various heating temperatures 

 
 
Results 

The BMP tests conducted at the three different temperatures demonstrate the decrease in 
the amount of methane and biogas produced as the temperature decreases. Increasing 
temperature from 2.6 °C to 14 °C resulted in 425% and 962% more cumulative biogas in the 

separated and un-separated manure, respectively, during the 41-day incubation period (Table 4, 
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Figure 9). Increasing the temperature from 14°C to 24°C increases the amount of cumulative 

biogas by 254 and 152% for the separated and un-separated manure, respectively. The methane 
results (amount of biogas produced multiplied by the percentage of methane) show even larger 
differences between the temperature regimes tested due to the smaller percentage of methane 
produced at colder temperatures (Table 5, Figure 10). These results illustrates the importance of 
maintaining a 24°C digestion temperature, as designed in UMD Digestion System, to ensure that 

efficiency of methane production will not substantially decrease during the colder months. 
The amount of biogas and methane produced after 25 days is also shown in Tables 4 and 

5, respectively, as the UMD Digestion System was built to maintain a 25-day retention time.  
The results show that 71.1-84.9% of the biogas is produced during the first 25 days of the 41 day 
incubation period.  These results illustrate that at 25-day retention time is an appropriate and a 
more cost-effective digester design, as increasing the digester size by 61% to allow for a 41-day 
retention time would result in only a 29-15% increase in biogas production.  

The UMD Digestion System has six digesters treating un-separated manure and three 
digesters treating separated manure, which will result in a total biogas production of 14,600 m3 
per day (7,670 m3 of methane per day) for a system treating 0.85 m3 of manure per day at to 
24°C.  The biogas production is expected to be higher in the summer due to internal heating of 

the digester.  If the digester temperature drops to 14°C in the winter, the total biogas production 

would be 5,200 m3 per day. 
 
 

 
 

 

 
Figure 9:  Cumulative biogas production at three different 
temperature regimes for separated (above) and un-

separated (below) manure from BARC, MD.   

Table 4: Biogas production from separated 
and un-separated manure 



 17

CONCLUSIONS: 

 Years 1 and 2 of the three-year project have been completed. The financial analysis 
conducted on the system illustrated that construction and site preparation costs are an important 
part of a true capital cost.  The cost of the system, while comparable to other systems of the same 
size, is still not necessarily at a price easily affordable for small farms.  To lower the cost, less 
expensive materials need to be sourced.  Future design considerations include solar thermal 
heating of the digester using the existing pex tubing, thus, replacing the need for the heating 
kettle. The emergy analysis showed that the emergy associated with the manure input constituted 
the majority of the emergy input used in the analysis. This illustrates that the manure production 
system (dairy production) is less sustainable and more analyses needs to be conducted comparing 
the UMD Digestion System to other existing digesters to further understand the sustainability of 
the digestion system processing the manure. The BMP analyses showed that the 25-day retention 
time and 24°C wintertime designed for the digesters was appropriate.  If the digestion 

temperature decreases to 14°C, a 64% reduction in biogas production is expected, and if the 

digestion temperature decreases an additional ten degrees (4°C) an additional 88% reduction in 

biogas production will occur. 
 In Year 3, the complete biogas and nutrient transformation analyses on the constructed 
system will be completed. The factsheet will be completed and distributed to farmers, detailing 
the cost, design and energy analysis associated with this digestion system. 

Figure 10:  Cumulative methane production at three 

different temperature regimes for separated (above) and 

un-separated (below) manure from BARC, MD.   

Table 5: Methane production from 

separated and un-separated manure 
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Publications resulting from the project: (it should be noted that both M.S. students working on the 

project will graduate in December 2011, and will submit their publications prior to graduation) 

A. Moss, K. Strass and S. Lansing (in preparation). A Comparative Emergy Analysis of Two 
Small-Scale Anaerobic Digestion Systems Treating Waste in the United States and Haiti. 
Ecological Engineering. 

A. Moss, K. Strass and S. Lansing (in preparation). Advising small-scale waste treatment:  
Carbon transformations and nutrient mass balances in small-scale anaerobic digestion and 
composting enterprises in temperate climates. Bioresource Technology. 

K. Strass, A. Moss, F. Witarsa, and S. Lansing (in preparation). Design, Construction, and 
Validation of Plug-Flow, Small-Scale Anaerobic Digesters Modified for Temperate 
Climates. Applied Engineering in Agriculture. 

K. Strass, A. Moss, F. Witarsa, and S. Lansing (in preparation). Financial Analysis and 
Evaluation of Anaerobic Digesters Modified for Temperate Climates for the Small to 
Mid-sized Dairy Farm. Review of Agricultural Economics. 

 

 

Presentations on the project: 

Lansing, S. and A. Moss, 2010 (invited).  Small-scale digester options. AgSTAR-Penn State 
Cooperative Extension Anaerobic Digester Workshop. Lancaster, PA. December 2, 2010. 

A. Moss and S. Lansing, 2010 (invited). Small-scale digestion technology and applications. 
Biocycle 10th Annual Conference on Renewable Energy from Organics Recycling. Des 
Moines, IA. October 18-20, 2010. 

A. Moss, K. Strass and S. Lansing, 2011. A comparative emergy analysis of two small-scale 
anaerobic digestion systems treating waste in the United States and Haiti (poster). 10th 
Annual American Ecological Engineering Society Conference. Asheville, NC.  May 23-
25, 2011. 

K. Strass, A. Moss and S. Lansing, 2011. Design, construction and validation of plug-flow, 
small-scale anaerobic digesters modified for temperate climates. 10th Annual American 
Ecological Engineering Society Conference. Asheville, NC.  May 23-25, 2011. 

K. Strass, A. Moss and S. Lansing, 2011. Design, construction and validation of plug-flow, 
small-scale anaerobic digesters modified for temperate climates. 2011 Annual ASABE 
International Meeting. Louisville, KY.  August 7-10, 2011. 
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Appendix A: UMD Digestion System Piping - Plan View 
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Appendix B: UMD Digestion System Hydraulic Schematic – Pipes under Separator 
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Appendix C: UMD Digestion System - Digester Profile 
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Appendix D: Emergy Table for the UMD Anaerobic Digestion System 
 

# Item Unit

Amount 

Per year

Solar 

Transformity 

(sej/unit)

Ref. for 

Transf.

Solar 

Emergy 

(sej/yr) E12

% 

Contribution 

to Total

R1 Solar Radiation J 5.62E+08 1.00E+00 By definition 0 0.0%

R2 Manure g 2.13E+08 1.27E+09 b 269886 15.8%

Non-renewable Imported Resources [F]

F1 Manure g 2.13E+08 6.76E+09 b 1438253 84.0%

F2 Labor & Maintenance J 2.12E+08 1.00E+07 g, h 2119 0.1%

F3 Diesel g 9.45E+03 2.83E+09 a 27 0.0%

F4 Culverts (HDPE) g 6.60E+04 8.85E+09 j 584 0.0%

F5 Insulative nests (EPS) g 2.66E+03 8.85E+09 j 24 0.0%

F6 Piping & biodigester bags (PVC) g 7.72E+03 9.86E+09 j 76 0.0%

F7 Hot water piping (PEX) g 2.87E+03 8.85E+09 j 25 0.0%

F8 Stainless steel heating tank

Steel g 6.58E+03 6.97E+09 e, j 46 0.0%

Chromium g 1.88E+03 1.52E+11 e, j 286 0.0%

Nickel g 9.41E+02 2.00E+11 e, j 188 0.0%

F9 Cast Iron cased pumps g 5.06E+03 1.74E+09 f 9 0.0%

F10 Bronze cased pumps

Copper g 1.09E+02 9.80E+10 e 11 0.0%

Tin g 1.36E+01 1.68E+12 e 23 0.0%

Lead g 1.36E+01 4.80E+11 e 7 0.0%

F11 Propane J 1.06E+10 4.35E+04 a 462 0.0%

F12 Electricity J 5.79E+07 5.64E+05 g, h 33 0.0%

1712057 100.0%

Y1 Biogas J 2.88E+10 5.94E+07 This report 1712057

0.16

5.34

1.19

0.22

NOTES:

A

Volume of Manure per day 154.8 gallons/day Our estimate

Density of Manure 3.76E+03 g/gallon Barker et. al., 2001.

Transformity of Manure 8.03E+09 sej/g Ortega, E. 1998.

Transformity of Renewable Manure 1.27E+09 sej/g

Transformity of Non-renewable Manure 6.76E+09 sej/g

Days per year 365 day/year Our estimate

Percentage renewable 0.158 Derived from Brandt-Williams, 2002 [(solar + ET)/total emergy)

Total renewable 2.70E+17 sej/year

Total non-renewable 1.44E+18 sej/year

Total mass renewable 3.36E+07 g/year

Total mass non-renewable 1.79E+08 g/year

Total mass manure 2.13E+08 g/year

Solar radiation

Normal solar radiation for Maryland 4.00E+00 kWh/m
2
/year

Footprint of digesters 3.90E+01 m
2

Conversion 3.60E+06 J/kWh

Solar transformity of sunlight 1.00E+00 sej/J

Total sunlight energycontribution 5.62E+08 J

Total Emergy of solar radiation 5.62E+08 sej

Emergy Table for the UMD AD System

Manure = volume of manure per day x density of manure per unit volume x transformity of manure x days per year added to 

system

Percent Renewable (R/U)

Emergy Sustainability Index (EYR/ELR)

Total Emergy [U]

Environmental Loading Ratio [(U-R)/R]

Local Renewable Resources [R]

Products [Y]

Emergy Yield Ratio (Y/F)
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B Labor and Maintanance = hours of labor per year x work per hour labor x transformity of labor

Amount per year 4.86E+02 hr/year Our estimate

Work done 4.36E+05 J/hr

Transformity of Labor 1.00E+07 sej/J (Odum 1996) corrected by factor of 1.68 (Odum et al., 2000)

Total 2.12E+15 sej/year

Diesel

Excavation - Use per day 3.00E+00 gal/year Our estimate

Density of diesel 0.832 kg/L

Gallon conversion 3.79E+00 L/gal

Kilogram conversion 1.00E+03 g/kg

Transformity of diesel 2830000000 sej/g Bastianoni et al., 2009

Total 2.67E+13 sej/year

Total 9.45E+03 g/year

C HDPE = (HDPE weight per linear foot x linear ft x transformity) / lifespan of system

Weight per linear foot 1.10E+04 g/ft Advanced Drainage Systems, Inc.

Linear feet 120 ft Our estimate

Transformity 8.85E+09 sej/g Pulselli et al., 2007

Theoretical lifetime of system 20 years Our estimate

Total 5.84E+14 sej/year

D EPS Foam Insulation = (EPS weight per cubic foot x cubic feet x transformity) / lifespan of system

Weight per cubic foot 4.63E+02 g/ft
3

Cubic feet 1.15E+02 ft
3

Our estimate

Transformity 8.85E+09 sej/g Pulselli et al., 2007

Theoretical lifetime of system 20 years Our estimate

Total 2.35E+13 sej/year

E PVC Piping = (PVC weight per linear foot x linear feet x transformity) / lifespan of system

Weight per linear foot (2" pipe)
3.27E+02 g/linear ft

Weight per linear foot (3" pipe)
6.75E+02 g/linear ft

Linear feet of 2" pipe 80 linear ft Our estimate

Linear feet of 3" pipe 190 linear ft Our estimate

Transformity 9.86E+09 sej/g Pulselli et al., 2007

Theoretical lifetime of system 20 years Our estimate

Total 7.61E+13 sej/year

F PEX Tubing = (cross-linked HDPE weight per linear foot x linear ft x transformity) / lifespan of system

Weight per linear foot 9.89E+01 g/ft

Linear feet 580 ft Our estimate

Transformity 8.85E+09 sej/g Pulselli et al., 2007

Theoretical lifetime of system 20 years Our estimate

Total 2.54E+13 sej/year

G

Weight of Tank 1.88E+05 g Our estimate

Transformity of Steel 6.97E+09 sej/g Pulselli et al., 2007

Transformity of Chromium 1.52E+11 sej/g Cohen, Sweeney, Brown, 2007.

Transformity of Nickel 2.00E+11 sej/g Cohen, Sweeney, Brown, 2007.

Theoretical lifetime of system 20 years Our estimate

Total 5.20E+14 sej/year

H Cast Iron Pumps = (Weight of pump x transformity of cast iron) / lifetime of system

Manure Pit Pump (lbs) 3.95E+04 g

Manure Influent Pump (lbs) 1.50E+04 g

Grainger Pumps - http://www.grainger.com/1/1/54466-

zoeller-n264-pump-sewage-4-10-hp-9-4-amps-130-

glass-filled-plastic.html

Harvel ® Co. - http://www.harvel.com/pipepvc-sch40-80-

dim.asp

Harvel ® Co. - http://www.harvel.com/pipepvc-sch40-80-

dim.asp

Rochow, Isabel. 2006. Improved Chilled Water Piping 

Distribution Methodology for Data Centers.  American 

Power Conversion.

Steel Heating Tank = [(70% x weight of tank x transformity of steel) + (20% x weight of tank x transformity of chromium) + (10% 

x weight of tank x transformity of nickel)] / lifespan of system

Grainger Pumps - 

http://www.grainger.com/Grainger/items/4NW21
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The goal of our research was to investigate the impacts of the invasive grass Phragmites 

australis on mosquito production in stormwater wetlands. Specifically, this project tested the 
effects of Phragmites on the medically important mosquito species Culex pipiens through changes 
to detritus and predation so that the design and management of stormwater wetlands is better 
informed. 

Statement of critical regional or State water problem 

Phragmites australis, or the common reed, is a cosmopolitan grass found in wetlands throughout 
the Northern Hemisphere. A non-native genotype of P. australis with Eurasian origins (hereon 
referred to as Phragmites) has invaded and spread throughout North America (Saltonstall 2002, 
2003a,b). The spread of monotypic stands of Phragmites has coincided with the reduction and 
sometimes local extinction of native plants in Maryland and throughout the US (Meyerson et al 
2000). Experiments testing interactions of invasive P. australis with resident plant species are well 
documented (e.g., Meyerson et al 2000, Warren et al 2001). The invasion of Phragmites appears to 
be due its rapid growth and high fecundity that confers superior competitive ability for light and 
growing space (Levine et al 1998, Meyerson et al 2000). Sites where Phragmites is the dominant 



grass tend to have lower species richness than sites where Phragmites has not invaded, and the 
eradication of Phragmites leads to increased species richness (Meyerson et al 2000).  

Because of its negative effects on native vegetation, Phragmites is routinely controlled by 
US land managers with herbicide, burning, or mowing. Phragmites control is especially important 
for constructed wetlands used in stormwater systems where recently-planted native vegetation is 
most vulnerable to invasion and humans rely on proper ecological functioning to remove pollutants 
from runoff, such as nitrate (NO3-N), ammonium (NH4-N), and phosphate (PO4-P). Many of the 
effects of Phragmites on pollutant removal rates are still unresolved, but preliminary results from a 
controlled laboratory experiment by co-PI Dr. Andrew Baldwin comparing the removal rates of 
NH4-N, NO3-N, and PO4-P of Phragmites and the native plants, Typha latifolia and Juncus effusus, 

indicate that Phragmites may have poor to moderate ability to remove pollutants from influent 
compared to the native plants. Although preliminary, these data suggest that Phragmites invasion 
can affect the water quality of stormwater wetlands. More generally, it is likely that Phragmites 

invasion into wetlands may have more wide-ranging impacts, including alterations to the ecology of 
aquatic macroinvertebrate communities, but this has received little attention. 

Mosquitoes use vegetated areas in shallow 
bodies of water as larval development sites (Fig. 1), and 
are usually the most common macroinvertebrates in 
stormwater wetland systems. Adult females of most 
mosquito species require a bloodmeal from a vertebrate 
host to complete development of each clutch of eggs 
and this behavior potentially places the surrounding 
human population at risk of mosquito contact. 
Mosquito production from wetlands can be a 
considerable public health threat in the US by creating a 
biting nuisance that precludes or inhibits outdoor 
activities and by the transmission of pathogens that 
produce disease (see Metzger 2003 and references 
therein). Nuisance and disease risks from mosquitoes 
have considerable economic impacts by inhibiting work 
on farms, driving away visitors from tourist 
destinations, medical care, and costs related to 

mosquito control and case management (e.g., Villari et 
al 1995, Knight et al 2003, Lawler & Lanzaro 2003, 
Metzger 2003).  

Although only adult females directly interact 
with humans, the abundance of mosquito populations and distributions of species are regulated by 
ecological processes at the larval lifestage (Washburn 1995, Juliano 2008). Larval mosquitoes feed 
on microorganisms in the water column that are often limiting, and thus competition for food can 
occur. Even mild resource competition can increase mosquito mortality and negatively affect 
development times and body sizes of emerging adults that lead to decreases in per capita rate of 
population increase and mosquito productivity (Juliano 2008). Predation from vertebrate and 
(mostly) invertebrate predators also affect mosquito production in stormwater wetlands, mainly by 
increasing direct mortality (Juliano 2008).  

Stormwater wetland design thought to be necessary for water quality treatment, such as 
shallow water and dense emergent vegetation, can cause substantial mosquito production (Knight et 
al 2003, EPA 2005). Considerable research is focused at constructing wetlands that alleviate this 

Fig. 1. Mosquito lifecycle showing the 
utilization of standing water during the egg 

and larval stages 



trade-off so that wetlands can provide cost-effective water quality treatment and other benefits (e.g., 
wildlife conservation, wetland habitat enhancement, and sites for public education and recreation), 
while at the same time minimizing mosquito production (Knight et al 2003). However, while 
numerous studies have examined the effects of total plant biomass on mosquito production (e.g., 
Tullen et al 2002), surprisingly little systematic research have investigated the effects of different 
plant types and species on mosquito population dynamics (Knight et al 2003, EPA 2005). 

Wetland plant species can vary in their physical obstruction of predators to mosquitoes and 
moderate a range of biotic (e.g., litter detritus) and abiotic (e.g., water temperature and insulation?) 
factors that directly or indirectly (e.g., via food resources) affect mosquito production. Despite the 
widespread invasion of Phragmites throughout the US and its demonstrated ecological impacts on 
plant communities and water quality, the impacts of Phragmites on mosquito populations is largely 
unstudied yet may have important public health implications. A priori we may expect Phragmites to 
affect mosquito production by altering predation rates and available food resources. However, to 
our knowledge, no prior studies have examined the effects of Phragmites on mosquito 

populations. The results of our study proposed here may therefore be important in informing land 
managers about controlling Phragmites in stormwater wetlands close to human populations and 
help mosquito-control professionals manage mosquito populations of public health importance.  

The mosquito species we will study in the research proposed here is the northern common 
house mosquito, Culex pipiens. Culex pipiens is a ubiquitous mosquito in wetlands in Maryland and 
the greater northeastern US, is largely associated with development and urbanization, and is an 
important vector for West Nile virus, St. Louis encephalitis, and dog heartworm (Savage & Miller 
1995, Turrell et al 2005). Culex pipiens invaded the US from Europe nearly 200 years ago 
(Lounibos 2002).  

Studies of the effects of Phragmites invasion on Cx. pipiens is also of broader practical and 
basic science importance. Understanding the ecology of invasions and their impacts on resident 
communities is important for alleviating undesirable effects (e.g., extinction of native species, 
disruption of ecological functioning) or, more rarely, accentuating desirable effects (e.g., biological 
control) of species that affect ecological or human health. Invasions of exotic species often have 
complex flow-on effects through ecosystems, and have been hypothesized to facilitate the spread 
and invasion of further exotic species through facilitative interactions (i.e., ‘invasional meltdown’ 

hypothesis), even over hundreds of years until the invaded system reaches equilibrium (Simberloff 
& Van Holle 1999). However, evidence for these facilitative interactions is inconclusive and rare in 
wetland systems. The research proposed here provides an excellent opportunity to address questions 
of immediate importance to water resources and human health at State, Regional, and National 
levels, as well as address a biological invasion of broad scientific importance. 

Nature, scope, and objectives of the project 

The goal of our research is to investigate the impact of the invasive grass Phragmites australis on 
the larval ecology of Culex pipiens, compared with native wetland plants. 

Objective 1: Conduct a laboratory experiment on the effects of detritus type on the production of 
Cx. pipiens. Detritus from Phragmites australis, two natives, Typha latifolia (broad-
leaved cattail) and Juncus effusus (soft rush), and the grass Festuca arundinacea (tall 
fescue) will be tested across different densities of Cx. pipiens. 

Objective 2: Conduct a field survey of mosquito communities in stormwater Best Management 
Practices (BMPS); [wetlands, detention, and retention ponds] in Maryland with 
varying vegetation cover and composition. 



Objective 3:  Conduct a laboratory experiment on the effects of plants species (Phragmites 
australis, Typha latifolia and Juncus effusus) on predation.  Plant species will be 
artificially simulated to test the effects of predator behavior of the invertebrate 
Notonecta undulata (backswimmer) and Cx. pipiens mosquito mortality under 
varying stem densities.      

Objective 1: Laboratory Study. 

Methods. 

A total of 76 microcosms with 360-ml of distilled water were provisioned with 1-g of senesced 
plant detritus from  P. australis, J. effusus, or T.  latifolia (all emergent wetland plants), or freshly 
mowed F. arundinacea (grass verge) in an incomplete block design. A 100- l innoculate of pond 
water was added to each microcosm to stimulate bacterial growth. Newly hatched Cx .pipiens larvae 
were added to microcosms 5 days after detritus in densities of 10, 20, 30, or 40, which represent the 
range of densities found in the field  and conditions under which competition would occur. 
Experimental larvae were F1 generation sourced from a laboratory colony. There were 3-7 replicates 
of each density x detritus combination, totaling 76 microcosms. Microcosms were checked daily for 
pupae and isolated for eclosion. At eclosion, dry mass, wing length, time to eclosion were recorded 
for all adults. Proportion survival, mean mass, and mean development time were calculated. Finite 
per capita rate of population change, which is a composite index of population performance using 
all these growth correlates was also calculated. For brevity, we only present data for females here. 
The carbon:nitrogen (C:N) ratio of each plant type was determined using an CHN-2000 Elemental 
Analyzer.  A second set of detritus-provisioned cups without mosquitoes were destructively 
sampled on days 0, 4, 7, and 21 to measure decay rate by dry mass and energy output of microbial 
communities using a Calorimetry Sciences Corporations 4100 Multi-Cell Differential Scanning 
Calorimeter. Finite rate of population change and each growth correlate were analyzed using linear 
models with Cx. pipiens density as a continuous variable and detritus type and block as fixed 
variables. Detritus mass the energy output of microbial communities were analyzed using linear 
models with days as a continuous variable and detritus type and block as fixed variables. A 
significant interaction between Cx. pipiens density and detritus type indicated an effect of detritus 
type on crowding (i.e., intraspecific competition for food). A significant interaction between detritus 
and days indicated an effect of detritus type on decay rate and microbial activity, respectively. 
Proportion survival was arcsin transformed, and microbial activity were log10 transformed before 
analysis. No transformation could help make finite rate of population change approximate normality 
thus we conducted randomization ANOVA 
(Cassell 2010). 

Results:  

Overall Population Performance: Culex pipiens 

density (F1,75=26.96 ,P<0.0001), but not detritus 
type (F1,75=2.30 ,P<0.0855) affected finite rate of 
population change (Fig. 2).  



Survival: There were significant main effects of 
density (F1,75=25.73, P<0.0001) and detritus (F3,67= 
4.20, P = 0.0087) on the proportion survival. There 
was lower survival in F. arundinacea microcosms than 
all other detritus types (P<0.05) (Fig. 3). 

Mass: There was a significant main effect of detritus 
on the female dry mass (F3,61= 17.91, P= <0.001), with 
females being larger in F. arundinacea (P<0.05) and 
smaller in J. effusus (P<0.05) microcosms than all 
other detritus types (Fig. 4). 

Development Time: C. pipiens density significantly 
affected the impact of competition on development 
time between detritus types (Interaction: F3,68=7.20, 
P<0.0003), with slower development with increasing 
crowding in microcosms with J. effusus than all other 
detritus types (P< 0.05) and slower development with 
increasing crowding in microcosms with P. australis 

and T. latifolia than F. arundinacea (Fig. 5). 

Detritus C:N ratio: There was a significant difference 
in the C:N ratio among detritus types (F3,16 =255.33 
P=<0.001), with F. arundinacea having a lower C:N 
ratio than all others (P<0.05), and P. australis having a 
lower C:N ration than J. effusus and T. latifolia 

(P<0.05).  

Detritus Decay Rate: Detritus types decayed at 
different rates (Interaction: F3,47=17.78 ,P<0.0001.), 
with faster decay of F. arundinacea than all other 
detritus types (P<0.05).  

Microbial Energy Output: Microbial activity 
decreased in with time and this decrease varied among 
detritus types (Interaction: F3,79 = 3.90, P = 0.0122), 
with higher microbial energy produced in F. 

arundinacea (P< 0.05) than all other detritus types.     

Conclusions: Our results show that under conditions 
of resource competition, there was an effect of detritus 
type on overall population performance and individual growth correlates of the mosquito C. pipiens.  
C. pipiens had lowest population performance in microcosms with J. effusus than all other detritus 
types. C. pipiens in microcosms with J. effusus were the smallest at adulthood and had the longest 
development time at higher densities. Microcosms with F. arundinacea yielded the largest adults in 
the fastest time, but few larvae reached adulthood regardless of density suggesting that grass had 
toxic effects at the concentrations used in this experiment. These results suggest that the 
displacement of J. effusus and F. arundinacea by P. austrlis may have important effects on the 
performance and production of Cx. pipiens, and flow-on implications of West Nile human disease 



risk.  They also emphasize the importance of examining the effects of treatments and crowding 
effects on examining multiple components of mosquito performance. This study has investigated a 
specific component of the potential impacts of P. australis invasion on C. pipiens performance and 
production. Future studies need to test whether changes in plant detritus affect populations of C. 

pipiens in the field, effects of combinations of detritus on mosquito population performance, and 
effects plant communities on oviposition choice of females among other questions. 

Objective 2: Field study. 

Methods. 

A total of 20 stormwater ponds throughout Maryland were sampled for mosquitoes and other 
macroinvertebrates, vegetation composition, and water quality. This data is currently being 
processed. In addition, a constructed wetland in Centreville, MD was more intensively sampled on 
10 and 24 August 2010. For this wetland we sampled for mosquitoes and other macroinvertebrates, 
vegetation composition, and water quality over more replicates as well as counted stem densities 
that informed the study in Objective 3. We present data from this intensively sampled wetland here. 
The wetland contained the invader; the common reed, (Phragmites australis), and two native plants; 
the common rush (Juncus effuses), and the broadleaf cattail (Typha latifolia). We sampled mosquito 
populations in each plant type in ten randomly chosen sample stations at two times during peak 
mosquito season.  Each sample station consisted of a 0.5 M2 quadrat in which we dipped 5 times in 
using a 500ml dipper. In addition at each quadrat; total nitrogen, total phosphorus, plant stem 
density, total vegetation cover, conductivity, light, depth, total dissolved solids, and water 
temperature measurements were taken. Wetlands are frequently found to have invertebrate 
predators. Invertebrate predators were also sampled six times using a D- net in one meter sweep for 
each plant type.  Insects will be identified to genus to determine feeding guilds, mode of predation; 
sit and wait vs. active, and density.  

Results: 

On average, there were 2.22 ± 0.45 mosquitoes per L of sampled water from the wetland (Table 

1). We found that there was a significant difference in mosquito densities between plant types (F2,59 
= 14.08, P<0.001).  Typha was significantly lower in mosquito density than both Phragmites 

(P<0.05) and Juncus (P<0.05), However there was no significant difference between Phragmites 
and Juncus.  There was no significant interaction between the plant type and sampling day (F2,59 = 
0.63, P =0.5342) nor any significance of the sampling day itself (F1,59 = 2.66  P = 0.1087). Two 
species of mosquitoes compromised 97% of the total mosquitoes caught; Culex erraticus and An. 

quadrimaculatus.  Typha produced almost negligible amounts of both species.  There were no 
significant differences between composition of the two species in the plants that did have mosquito  
production  although Anopheles was more dominant in Phragmites and Culex more dominant in 
Juncus as seen in Table 1.     

 

 

 

 

 

 

 



Table 1: Mosquito density/liter per plant type per sampling  

  Mosquito density per liter 

Plant type Species 
day 
1 SE day2 SE total SE 

Phragmites 

australis 

 An. 

Quadrimaculatus 1.8 0.4098 0.92 0.358 1.36 0.28 

Phragmites 

australis  Cx. erraticus 1.28 0.5017 0.6 0.181 0.94 0.27 

Typha latifolia 

 An. 

Quadrimaculatus 0.28 0.04 0.04 0.12 0.16 0.07 

Typha latifolia  Cx. erraticus 0.08 0 0 0.05333 0.04 0.03 

Juncus effuses 

 An. 

Quadrimaculatus 1.52 0.6793 0.4 0.1788 0.96 0.37 

Juncus effuses  Cx. erraticus 1.8 0.8849 1.7 0.6725 1.78 0.54 

Overall Total mosquitoes     2.22 0.45 

 

Objective 3: Laboratory study on 

Predation. 

Fifty mesocosms were created to 
artificially simulate the plant 
structure of Phragmites australis, 
Typha latifolia and Juncus effusus 
(shoot width, stem density, and 
spatial distribution; clumped vs. 
uniform).  The stem density was 
varied for all plant types by 
establishing a 100% cover value 
(based on field observations and 
literature review) simulating 
invasional values and then 
decreasing by 67%, 33%, and 0% as 
a control.  Each Plant type density 
had 5 replicates.  Distilled water 
will be added to create a depth of 6 
inches. A common mosquito 
predator, a visual hunting 
backswimmer (Notonecta undulata), 
will be added for 24 hrs in order that 
any predatory chemical cues 
permeate the water and not have a biasing effect on mosquitoes after the predator is immediately 
added.  After 24hrs the predator will be removed and 25 Cx. pipiens 4th instar larvae will be added.  
Given another 24 hr period to acclimate to the stem density refuge and predator chemical cues, the 
predator will be added for one hr.  Each bucket will be recorded with a HD camera.  Every five 
minutes for that hour four predator behaviors will be monitored (patrolling, attacking, eating, and 
resting).  In addition mosquito mortality will be visually assessed and as determining the percentage 

Fig. 6. A. Experimental mesocoms ahowing varying 

densities of rods that simulate Phragmites. B. Culex pipiens 

larva. C. Notonecta undulate adult. 



of mosquitoes inside and outside the refuge (refuge will consist of any mosquito within 2 cm of a 
“stem”).  Mosquito mortality will be statistically analyzed using linear models with density being a 
continuous variable and block and plant type as a fixed variable.  Differences in predator behavior 
frequencies and percentage of mosquitoes using refuge between each plant type density will be 
tested with a G test (Sokal and Rohlf 1981).  This experiment is currently being completed.      
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STATEMENT OF PROBLEM 

Poly- and perfluoroalkyl compounds (PFCs) are highly valued specialty chemicals and found in 
many products from stain repellents used for textile fabrics, carpets, furniture and paper (Kissa, 
2001), to aqueous film-forming foams (AFFF) (Moody, Hebert, Strauss, & Field, 2003), and to 
specialty varnishes, lubricants and surfactants (Kissa, 2001).  However, they have been 
ubiquitously detected in the environment, biota and human since they were first recognized as 
global contaminants in 2001 (Giesy & Kannan, 2001).  The persistence and toxicity of some long 
chained PFCs are of great ecological and human health concerns.  For instance, the eight-carbon 
based perfluorooctane sulfonate [PFOS, F(CF2)7SO3

-] and perfluorooctane carboxylate [PFOA, 
F(CF2)7CO3

-] are bioaccumulative (Tomy et al., 2004) and demonstrated to be likely human 
carcinogens (U.S.EPA, 2005) and developmental toxins (Lau, Butenhoff, & Rogers, 2004).   
 
Numerous past studies have supported that although industrial activities are major point pollution 
sources, wastewater treatment plants, non-point urban and suburban sources are significant in 
dissemination of PFCs because of the wide usage in consumer products.  Despite lack of known 
industrial pollution sources, the Maryland waters may not be free from the issue of PFC 
contamination.  It is known that the regional urban development has a profound influence on 
Maryland water quality, which is likely to be the case for PFCs.  Proactive action is needed 
before the provisional U.S. EPA drinking water standards on PFOS and PFOA are implemented 
nationwide (U.S.EPA) and other regulations on PFCs that might come into place in the near 
future.  The fact that there is very little data available regarding to sources and loads of PFCs in 
Maryland waters strongly solicits a study to fill such gap.  In addition, the environmental 
behaviors of PFCs are very different from other known halogenated organic contaminants due to 
their unique properties imparted by strong C-F bonding (Kissa, 2001).  Their high solubility and 
great mobility determine water columns as major sinks rather than sediments.   
 
Sources of PFCs and their routes into the environment have been found very complex.  Direct 
release from industry such as PFC chemical manufacturers and the industries that utilize large 
amount of these chemicals (e.g. carpet and electronics manufacturers) has been considered to 
contribute to the majority of the historical discharge into the environment (Prevedouros, Cousins, 
Buck, & Korzeniowski, 2006).  As different measures to reduce such discharge have been taken, 
such as the ban on industrial direct discharge and removal of certain PFC residuals from 
commercial products, such direct discharge is greatly decreasing nowadays.  Indirect 
unintentional release therefore could become the major sources of PFCs observed in the 
environment in the future.  Currently a major form of such unintentional release is recognized as 
resulting from the degradation of the PFC-containing commercial products in waste streams such 
as WWTPs and landfill sites.  Several past studies have ambiguously demonstrated that WWTP 
effluents could significantly contribute PFCs to receiving surface waters (Ahrens, Felizeter, 
Sturm, Xie, & Ebinghaus, 2009; Becker, Gerstmann, & Frank, 2008).  
 
PFCs are a large chemical family and the commonly monitored PFCs, such as PFOS and PFOA, 
only constitute a portion of the PFCs present in the environment (Ahrens, et al., 2009).  Recent 
studies on fluorotelomer-based chemicals, used by most of the PFC manufacturers as major 
ingredients in stain resistant coating, have shown that these chemicals degrade biologically or 
chemically under environmentally relevant conditions to produce a mixture of highly fluorinated 
acids, including PFOA, its homologues and x-3 aids (such as 5-3 acid and 7-3 acid, Table 1) (Liu 
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et al., 2010; Wang et al., 2009).  So far no study has examined the level of x-3 acids in the 
environment.  In addition, since no other sources have been known to contribute to x-3 acids, 
they can potentially be used as marker compounds to indicate PFC contamination by indirect 
sources of fluorotelomer-based chemicals.  In the past, PFOA was sometimes incorrectly used to 
indicate sources from fluorotelomer compounds.   
 
The project was conducted to provide broad-scale baseline levels of a suite of PFCs in WWTP 
effluents and surface waters in Maryland around the Chesapeake Bay in order to characterize 
PFC contamination in the region.  In addition to the PFCs commonly monitored in similar 
studies, this project especially looked for two marker PFCs (5-3 and 7-3 acids) newly discovered 
(Liu, et al., 2010; Wang, et al., 2009) for distinguishing sources originated from two different 
chemistries.  The project provided the much needed information on current status of 
micropollutants in Maryland waters.   
 
 

OBJECTIVE 

We sampled the surface waters of three rivers, two tidal rivers located directly around the 
Chesapeake Bay and influenced by the Washington DC metropolitan area (Potomac and 
Patuxent Rivers), and one non-tidal stream in northwest Maryland (Saint Mary Run) (Figure 1). 
We also sampled the wastewater effluents of eleven wastewater treatment plants (WWTPs) from 
the Washington DC and Maryland (Figure 1).  The concentrations of 15 PFCs (Table 1) were 
analyzed in all collected samples.  The specific objective of this project was to identify and 
quantify the major PFCs compounds present in the point sources of wastewater effluents and in 
the surface waters of the region impacted by different levels of urbanization.  
 
Our original plan included sampling of the first flush of the overflow storm water from one of 
major WWTP in order to quantify the PFC concentrations from urban runoff, which could 
indicate the contamination from non-point sources.  Because of the low storm level in 2010 and 
lack of equipment to capture the first flush, we instead focused our efforts on comparing the 
PFCs levels from drastically different surface waters from different watersheds.   
 
 

METHODS AND PROCEDURES 

(1) Sample collection  

Wastewater effluent samples from eleven WWTPs throughout Maryland and Washing DC were 
collected from June to August 2010.  They include several major WWTPs (e.g. B1 and B2) in 
the region, which have an average daily treatment volume of 118-130 mgd, while the rest of 
plants have treatment volume ranging from 0.099 to 60 mgd.  Triplicate 1-L water samples were 
taken in HDPE bottles and stored at 4 °C until sample processing. 
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Table 1. The target analytes monitored in the project and the corresponding internal standards used for MS/MS detection. Except for 
PFBA and PFPeA and the internal standards, all the other target analytes were detected using both the primary and secondary MRM 
(multiple reaction mode) transitions. 
 

 
Target Analytes 

 

 
Corresponding Internal Standards 

Chemical 
Structures 

Chemical Name Acronyms * MRM Transitions 
primary, secondary 

Chemical Name Acronyms MRM 
Transitions 

 
Perfluoro-

carboyxlates 
(PFCAs) 

 

 

Perfluorobutane carboxylate PFBA (n = 2) 213 > 169 Perfluoro-n-[1,2,3,4-
13

C4]butane carboxylate 

[
13

C4]-PFBA 217 > 172 

Perfluoropentane carboxylate PFPeA (n = 3) 263 > 219 

Perfluorohexane carboxylate PFHxA (n = 4) 313 > 329, 313 > 119 Perfluoro-n-[1,2-
13

C2]hexane 

carboxylate 

[
13

C2]-PFHxA 315 > 270 

Perfluoroheptane carboxylate PFHpA (n = 5) 363 > 319, 363 > 169 

Perfluorooctanoate 

carboxylate 
PFOA (n = 6) 413 > 369, 413 > 169 Perfluoro-n-[1,2-

13

C2]octanoate carboxylate 

[
13

C2]-PFOA 415 > 370 

Perfluorononane carboxylate PFNA (n = 7) 463 > 419, 463 > 219 

Perfluorodecane carboxylate PFDA (n = 8) 513 > 469, 513 > 219 Perfluoro-n-[1,2-
13

C2]decane 

carboxylate 

[
13

C2]-PFDA 515 > 470 

Perfluoroundecane 

carboxylate 
PFUnA (n = 9) 563 > 519, 563 > 269 Perfluoro-n-[1,2-

13

C2]undecane carboxylate 

[
13

C2]-PFUnA 565 > 520 

Perfluorododecane 

carboxylate 
PFDoA (n = 10) 613 > 569, 613 > 319 

Perfluoro-
sulfonates (PFSAs) 

 
 

Perfluorobutane sulfonate PFBS (m = 3) 299 > 80, 299 > 99 Pefluoro-1-hexane 

[
18

O2]sulfonate 

[
18

O2]-PFHxS 403 > 84 

Perfluorohexane sulfonate PFHxS (m = 5) 399 > 80, 399 > 99 

Perfluorooctane sulfonate PFOS (m = 7) 499 > 80, 499 > 99 Perfluoro-1-[1,2,3,4-
13

C4]octane sulfonate 

[
13

C4]-PFOS 503 > 80 

Perfluorodecane sulfonate PFDS (m = 9) 599 > 80, 599 > 99 

 

2H,2H,3H,3H-

perfluorooctanoic acid 

5-3 acid (p = 4) 341 > 237, 341 > 217 Perfluoro-n-[1,2-
13

C2]octanoate carboxylate 

[
13

C2]-PFOA 415 > 370 

2H,2H,3H,3H-

perfluorodecanoic acid 

7-3 acid (p = 6) 441 > 337,  441 > 317 Perfluoro-n-[1,2-
13

C2]decane 

carboxylate 

[
13

C2]-PFDA 515 > 470 
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Figure 1. Sampling locations at the effluents 
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water samples (white square boxes) in 
Patuxent River, a section of Potomac River 
and Saint Mary Run.  
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The river surface water samples were collected from July to August of 2010 through two river 
cruises and two inland sampling trips.  The Potomac River samples from four stations were 
collected on board a small research vessel and using a grab sampling device.  The Patuxent River 
samples were collected on board the Maryland DNR research vessel “Kerhin” using the water 
intake system of the ship.  Part of the Patuxent River samples from the inland sites inaccessible 
from ships were collected off the bank, as well as the Saint Mary Run samples.  All the water 
samples were collected within 1 meter depth or less, and were stored in 1-L HDPE bottles at 4°C 
until further processing.  
 

(2) Sample preparation and chemical analysis 

The water samples were first filtered with 0.7 µm glass fiber filters (GFF), and then subject to 
solid-phase extraction (SPE) as described by Taniyasu et al (2005) with some modifications.  
The Oasis WAX cartridges (6cc/150mg, Waters, Milford, MA) were used for its excellent 
retention of perfluorinated acids of a wide range of carbon chain length.  A SPE manifold 
(Phenomenex, Torrance, California, USA) made of glass and prolypropylene and free of 
fluoropolymer parts was used.  The cartridges were pre-conditioned with 4 ml of 0.1 % 
NH4OH/methanol, then by 4 ml of methanol, and finally by 4 ml of water. The water samples 
(~500 mL) were passed through the SPE cartridge at a flow rate of approximately 2 drops per 
second.  Then the cartridges were washed with 4 ml of 25 mM sodium acetate buffer (pH = 4) 
and 4 mL methanol and discard, and finally eluted with 4 ml of 0.1 % NH4OH/methanol.  The 
final eluents (or extracts) containing the target PFCs were collected in polypropylene tubes and 
stored at -10 °C until analysis.  The field blanks were prepared using the same procedures.  The 
particles retained on the GFF were extracted with 4 mL of methanol at 60 °C in a sonication bath 
for 2 hours.  The extracts were separated out after 30-min centrifugation at 1000 g. 
 
The liquid chromatography tandem mass spectrometer (LC/MS/MS) consisting of a Shimadzu 
HPLC (Shimadzu America, Columbia, MD) and an API 3000 triple quadrupole mass 
spectrometer (Applied Biosystems North America, Foster City, CA) was used for chemical 
analysis under negative electrospray ionization mode with multiple reaction monitoring (MRM).  
Samples were spiked with 25 μL of 100 µg mL-1 solution mixture containing 7 mass-labeled 
internal standards (Table 1) prior to analysis.  The separation of PFCs was achieved on an 
Agilent Zorbax Rx-C8 column (2.1 × 150 mm, 5 µm, Agilent Technologies, Santa Clara, CA) at 
20 µL injection volume with a 0.15% acetic acid/acetonitrile mobile phase.  The gradient started 
at 5% acetonitrile, ramped to 50% in 0.75 min and 80% in 4.25 min, held for 2.75 min, and 
returned to 5% acetonitrile at 7.1 min using a flow rate of 0.4 mL min-1.  The quantitation was 
performed using inverse weighted 1/x (x-concentration) internal standard calibration curves with 
calibration standards of at least 6 points, generally ranging 0.1 to 50 ng mL-1.  Positive 
identification was made by matching chromatographic retention time and two MRM transitions 
with authentic standards (Table 1).  
 
The surface water samples from Patuxent River were also analyzed for other water quality 
parameters.  Water temperature, dissolved oxygen, pH, salinity and conductivity were measured 
on-site, and the total and dissolved organic carbon contents were analyzed off-site using standard 
EPA methods (data not included in the report, but available upon request).   
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RESULTS AND DISCUSSION 

 

(1) PFC identification 

Because of the complexity of the environmental samples, this study employed two transitions 
from precursor to fragment (Table 1, except for PFBA and PFPeA) in order to ambiguously 
identify the target analytes in the wastewater effluents and surface waters.  The concentration of 
each PFC was determined twice using each of the two transitions (concentration 1 for primary 
transition and concentration 2 for secondary transition) and then compared.  A positive 
identification was made only when the concentrations determined separately using different 
transitions agreed within an error of less than ± 20%.  Although the method quantitation limit 
dictated by the least sensitive transition was not great, the advantage of this approach was to 
minimize potential false positive results.  It turned out that the concentrations of only three PFC 
compounds, PFOS, PFOA and PFNA, agreed with one another using both transitions with errors 
generally less than 10%. The difference in concentrations determined using both transitions 
differ considerably from compound to compound.  For instance, the ratios of concentration 
1/concentration 2 for PFHA, PFHpA in wastewater samples averaged about 240%, and for PFBS 
averaged over 100 times. For the PFCs with molecular weight larger than PFNA or PFOS, most 
samples were below detection limits when using the secondary transitions, and therefore, their 
concentrations detected using the primary transitions are not reported here.  Likewise for the 
PFBA and PFPeA for which only the primary transitions were used, there was probably greater 
chance of false positive compared to other analytes using two transitions and therefore their 
concentrations are not reported here.  
 
The study included two largely ignored PFCs, 5-3 and 7-3 acids, which are characteristics 
breakdown products of the fluorotelomer based compounds.  5-3 acids were tentatively detected 
above detection limit of 3.7 ng L-1 in 7 of the effluents ranging from 3.8 to 5.6 ng L-1, while 7-3 
acids were not detected above the quantitation limit.  The study showed for the first time the 
presence of degradation products of fluorotelomer telomer compounds in WWTPs at low levels; 
however, they could preferentially be present in the solid phase as past studies have shown their 
strong tendency to associate with soil organic matter (Liu, et al., 2010; Wang, et al., 2009).  
However, there was also some uncertainty for such results for the same reason as the rest of the 
unreported PFCs that the concentrations determined from the two transitions were not consistent.  
 
The method quantitation limit for each PFC varied from 1.9 to 4.0 ng L-1, which is about 100 
times lower than the US EPA proposed PFOA/PFOS drinking water limits (PFOA = 400 ng L-1 
and PFOS = 200 ng L-1) (U.S.EPA, 2009) . The PFCs were mostly detected in the SPE extracts 
of the dissolved phase of the samples, while the PFCs extracted from the particles retained on the 
GFF were largely not detected or around the detection limits, and therefore not reported here. 
The LC/MS/MS analysis method used in the study, as in most similar studies reported in the 
literature, employs multiple reaction mode (MRM) under unit resolution.  Many studies in 
literature only use one transition for PFC detection.  This study using two transitions showed that 
the false positive is highly likely when only one transition is used and similar artifact has been 
reported for PFC monitoring of biological samples (Chan et al., 2009).  Aside from using two 
transitions, an alternative or complementary approach is to use high resolution mass 
spectrometry (Berger & Haukas, 2005); however such approach is more expensive and not 
readily accessible for most environmental chemistry research laboratories.  
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(2) PFC concentrations and compositions in effluents of WWTPs  

The concentrations of PFOA, PFNA and PFOS from each WWTP are listed in Table 2 and 
Figure 2.  The ΣPFC concentrations in WWTP effluents ranged from to 33 ng L-1 (C1) to 97 ng 
L-1 (M). PFNA and PFOA were detected in every sample, but PFNA was generally present at 
higher concentrations than PFOA in most WWTP effluents, except for M.  For M, the most 
dominant species is PFOA at 76 ng L-1, the highest among all the effluents.  PFOS exhibited 
greater variability among different WWTP samples, ranging from below detection limit of 1.9 ng 
L-1 to 27 ng L-1 in P1. The 11 WWTPs studied in the project vary significantly in their treatment 
methods, capacity, and origins of wastewater.  For instance, the smallest WWTP M serves only a 
small college in rural Maryland with only primary treatment process; whereas B1, B2, P1 and P2 
serve the densely populated Washington DC and Baltimore metropolitan areas with domestic, 
commercial and industrial waste water inputs.  Some of these plants also have advanced 
treatment processes. However, the treatment processes seem to have little impact on the levels of 
PFCs, rather, the geographical location seems to be a strong factor affecting the levels observed 
in this study.  The most remote plant M has distinctly different profile of PFCs as compared to 
the rest of the plants in more densely populated areas. 
 
Table 2. Concentrations of the selected PFCs in wastewater treatment plants effluents (n = 3, ng 
per liter).   

 B1 C1 C2 B2 F H  P1 P2 W2 W1 M 

PFOA 8.6 6.6 5.4 9.0 6.1 7.6 10 15 8.0 9.3 76 

PFNA 27 26 24 29 35 46 34 33 45 32 11 

PFOS 6.5 < 1.9 4.0 12 < 1.9 7.8 27 < 1.9 12 13 9.2 

ΣPFCs 42 33 34 50 42 61 71 48 65 55 97 

 

 
Figure 2. The concentrations of the selected PFCs in the waste water treatment plant (WWTP) 

effluents. 
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(3) PFC concentrations and compositions in surface waters of the Patuxent River  

The lower Patuxent River was sampled at 14 tidal sites as shown in Figure 1.  The farthest north 
site (WXT001) is located in the property of Historic Mt. Calvert House (north of the Jug Bay), 
and the farthest south site (CB5.1W) is around the Patuxent union with the mesohaline portion of 
the Chesapeake Bay.  Concentrations were highest in the upper section of the river and decreased 
with distance down the river, ranging from 48 ng L-1 at site WXT001 to  8.1 ng L-1 at the mouth 
of Patuxent River (LE1.4) (Table 3 and Figure 3). The surface water concentrations in the sites 
upstream of TF1.4  were in the same range as the waterwater effluents (Table 2), while the sites 
below TF 1.7 had ΣPFC less than 14 ng L-1.  This suggested that WWTP effluents were the 
major sources of PFCs detected in the Patuxent River. In addition, because PFCs do not degrade 
and generally are quite water soluble, tidal dilution is probably the predominant removal 
mechanism along the river.   
 
Among three PFCs reported, PFNA and PFOA were found in all the samples, while PFOS was 
detected only for the sites upstream of the site TF1.6. Different from the WWTP effluent 
samples, PFOA was the most dominant species.  While PFOA showed decreasing tread along the 
river consistent with the theory of tidal dilution, PFNA appeared to be more consistent in all the 
samples.  There was not a clear trend of PFOS level in the upper section of the river.  
 
As the only WWTP plant in the Western Branch River, W1 is presumed to significantly affect 
the nearby surface water quality.  Even though the site TF 1.2 is located upstream, it is very 
likely that it high level of PFCs can be attributed to the tidal mixing of surface water with 
wastewater effluents, although other sources cannot be excluded.  TF 1.3 and TF 1.4 sampling 
sites are located, respectively, upstream and downstream of the confluence of the Western 
Branch and the Patuxent River, and slightly higher ΣPFC concentration was found for TF 1.4 (32 
ng L-1) than the TF 1.3 (37 ng L-1).  Such difference might not be statistically significant. The 
WXT001 site located farthest north had the highest ΣPFC level, in the same range of the waste 
water effluents.  Although this site is not immediately adjacent to any WWTP, there are more 
than one dozen of WWTPs along the upper and middle Patuxent River that eventually feed into 
the lower Patuxent.  Because of relatively conservative nature of the PFCs, it is likely that the 
high level detected at XWT001 site could reflect the collective input from the point and non-
point sources upstream while there is no significant tidal dilution or fresh water input.   
 
Table 3. Concentrations of the selected PFCs in surface waters of the Patuxent River (n = 3, ng 
per liter).  
 
Station 

ID 
WXT00

1 
TF1.0 TF1.2 TF1.3 TF1.4 TF1.5 TF1.6 TF1.7 RET1.1 LE1.1 LE1.2 LE1.3 LE1.4 CB5.1

W 

PFOA 20 17 15 16 18 15 12 9.2 6.3 6.1 4.2 4.1 3.7 3.6 

PFNA 6.2 7.2 2.9 8.4 6.8 5.2 4.7 5.2 3.9 4.5 4.4 4.8 4.5 4.5 

PFOS 22 8.2 20 8.2 12 10 10 < 4.0 < 4.0 < 4.0 < 4.0 < 4.0 < 4.0 < 4.0 

ΣPFCs 48 32 38 32 37 31 27 14 10 11 8.6 8.9 8.2 8.1 

 



10 
 

 
Figure 3. The concentrations of the selected PFCs in surface waters of the Patuxent River. 

 

(4) PFC concentrations and compositions in surface waters of the Potomac River  

A section of the Potomac River was sampled at 4 sites located around the union of the Anacostia 
River with the Potomac River, and also around the wastewater effluent discharge of a major 
WWTP B2.  The ΣPFC concentrations varied from 15 to 29 ng L-1 (Table 4 and Figure 4)  The 
lowest concentration (KZ1) was found upstream of the Anacostia union with the Potomac, and 
the concentrations increased downstream along the river to the highest concentration at the site 
(KZ3) immediate downstream of the wastewater discharge.  The concentration went down at the 
farthest south site of KZ4.  The effluents of WWTP B2 had higher level of ΣPFC than KZ3, 
owing to the strong tidal dilution in Potomac River.  All three PFCs were detected in all the 
Potomac water samples. There is no clear trend of which species was more dominant.  
 
Table 4. Concentrations of the selected PFCs in surface waters of the Potomac River (n = 3, ng 
per liter).   
 

 KZ1 KZ2 KZ3 KZ4 

PFOA 7.5 9.4 12 10 

PFNA 2.4 5.3 7.8 6.1 

PFOS 5.4 8.2 8.8 7.4 

ΣPFCs 15 23 29 24 
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Figure 4. The concentrations of the selected PFCs in surface waters of a section of the Potomac 

River. 

 

(5) PFC concentrations and compositions in surface waters of the Saint Mary Run 

The whole length of the Saint Mary Run from its head water to its union at the Toms Creek was 
sampled at 4 sites and 2 additional sites at Toms Creek were also sampled (Figure1).  The ΣPFC 
concentrations ranged from below the quantitation limit at the head water (SMR1) to 70 ng L-1 at 
site SMR4 before the Saint Mary Run feeds into the Toms Creek (Table 5 and Figure 5).  Since 
PFCs are anthropogenic chemicals, it is expected that the head water contained little or no PFCs.  
Immediate downstream of the WWTP M discharge at SMR3, the ΣPFC concentration increased 
drastically to 48 ng L-1 indicating the input of the wastewater effluent, which contained 97 ng L-1 
of total PFCs (Table 2).  Further downstream, the concentration continued to rise to the highest 
level detected in the stream at SMR 4. However, the input from the Saint Mary Run did not 
appear to have a significant impact on the PFC level in the Toms Creek, which is a much larger 
stream.  Immediately upstream (SMR5) and downstream (SMR6) of the union, the ΣPFC 

concentrations were 7.4 and 9.4 ng L-1, respectively.  
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Table 5. Concentrations of the selected PFCs in surface waters of the Saint Mary Run (n = 3, ng 
per liter).   

 
 SMR1 SMR2 SMR3 SMR4 SMR5 SMR6 

PFOA < 2.0 9.7 35 47 2.0 2.5 

PFNA < 2.0 1.1 5.5 4.5 < 2.0 < 2.0 

PFOS < 4.0 6.3 8.0 18 5.4 6.9 

ΣPFCs 0 17 48 70 7.4 9.4 

 
 

 
Figure 5. The concentrations of the selected PFCs in surface waters along the Saint Mary Run. 

 

EXPECTED PUBLICATIONS AND PRODUCTS 

One paper resulting from the project is in progress for submission and we will inform the 
Maryland Water Resources Research Center regarding the official publication.  In addition, 
funding from the Maryland Water Resources Research Center provided lateral for acquisition of 
the following new grant: Assessing the Fate of Fluorotelomers in Biosolids before and after Land 
Applications. The District of Columbia Water and Sewer Authority. Period: 06/29/2010-
09/30/20102. J. Liu (PI). 
 
 

TRAINING OF UNDERGRADUATES IN THE PROJECT 

Funds from MWRRC supported the research of one undergraduate student.  Mr. Robert Sabo 
was an undergraduate at the Mount Saint Mary’s College (Emmitsburg, MD).  He was the major 
researcher of the project during the summer of 2010.  He received matching funds for his project 
from the Research Experience for Undergraduates (REU) Program of National Science 
Foundation.  He obtained unique perspectives from working with people of different 
backgrounds, who are yet essential to completion of the project.  Funds from MWRRC were also 
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used to support one faculty research assistant Ms. Stephanie Soques, who completed the project 
during the fall of 2010.  

 

 

CONCLUSIONS 

Overall, the project provided the most updated survey of the several major PFCs in the 
wastewater effluents of eleven WWTPs across the Maryland, as well as the PFCs in surface 
water of three rivers and streams.  The effluent and water samples were collected not only from 
the densely populated DC and Baltimore metropolitan areas, but also from some rural areas.  The 
project also monitored two new marker PFCs (5-3 and 7-3 acids) for the first time and it was 
found that they were not significant pollutants in Maryland waters.  Two of the PFCs (PFOA and 
PFOS) that are subject to strict regulations by U.S. EPA were detected in most effluent and water 
samples, but at the levels that are about one to two orders of magnitude lower than the proposed 
U. S. EPA drinking water standards, or even lower.  The levels were also lower than the ones 
observed in Tennessee River in 2002 (Hansen, Johnson, Eldridge, Butenhoff, & Dick, 2002), as 
well as lower than the levels observed in some of the major rivers in Europe (Ahrens, et al., 2009; 
McLachlan, Holmstrom, Reth, & Berger, 2007).  However, great caution needs to be taken when 
such comparison was made for samples collected from different regions and in different years.  
From 2002 to nowadays, the global PFOS and PFOA emissions into the environment have been 
decreasing rapidly year by year due to stricter regulations, and that could have resulted in the 
overall reduction of PFOS/PFOA levels in the environment across different regions.   
 
The ΣPFC concentrations in WWTP effluents ranged from 33 ng L-1 to 97 ng L-1.  Most effluents 
were found to be at similar levels no matter of the wastewater origins and treatment processes, 
except for the smallest plant in a rural area.  ΣPFC concentrations in surface waters ranged from 
8.1 to 48 ng L-1 in the Patuxent River, 15 to 29 ng L-1 for a section of the Potomac River and 0 to 
70 ng L-1 in the Saint Mary Run.  The higher levels in effluents indicate that WWTPs are 
potential sources of PFCs to the surface waters.  In some section of the rivers/streams, the ΣPFC 
concentrations were as high as the wastewater effluents, probably because there is little fresh 
water input into the surface waters and the wastewater effluents comprise of majority of river 
water flow.  
 

The results of this work can be used as baseline for further monitoring efforts of PFCs in the 
region if such work is warranted.  Despite of the low levels of PFOA and PFOS, it is unclear if 
other shorter chained acids are also present at low levels. Current analysis methods used for 
examining these shorter chained acids need significant further improvement to eliminate possible 
false positive in order to generate reliable results.  Furthermore the comprehension of non-point 
sources of PFCs as well as the source-sink dynamics of PFCs is yet to be completely understood, 
which has not been explored in the Maryland region.  
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SUMMARY OF WORK: SUMMER 2010 FELLOWSHIP, BORA CETIN  

Fly ash produced by power plants in the United States occasionally contains significant 
amounts of unburned carbon due to the recent use of low nitrogen-oxide and sulphur-oxide 
burners.  This ash cannot be reused in concrete production due to its reactivity with air 
entrainment admixtures and is thus largely placed in landfills. Roadways have high potential for 
large volume use of high carbon fly ash (HCFA). HCFA can be activated with lime kiln dust 
(LKD) (a disposed residue of lime production plants) then used as the base layer for newly paved 
roads. However, in such applications, the leaching of heavy metals from fly ash-stabilized base 
layers can cause significant environmental concerns. A series of column leach tests (CLTs) were 
conducted to investigate the leaching potential of 8 different heavy metals from the fly ash-
amended soils.  These metals are aluminum (Al), antimony (Sb), chromium (Cr), copper (Cu), 
iron (Fe), manganese (Mn), vanadium (V), and zinc (Zn). The results indicate that an increase in 
LKD amount, pH, and fly ash content have significant effects on leaching behavior of heavy 
metals from soil-fly ash mixtures.  The leaching of all metals in CLTs exhibited a first flush 
pattern, then the concentrations quickly decreased below EPA maximum concentration limits 
(MCLs) for drinking waters except aluminum metal. In addition, a groundwater contamination 
modeling computer program (WiscLEACH) was used to estimate the 8 metal concentrations at 
different depths and distances from the center alignment of the center of the HCFA stabilized 
base layer. 
 Figure 1.a shows the variation of effluent pH of the soil alone, fly ash alone and soil 
mixtures as a function of pore volumes of flow. All tests were continued until a minimum of 200 
pore volumes of flow were obtained to examine the behavior and persistency of pH of the soil 
mixtures.  In all cases, pH initially decreases during the first 20-25 pore volumes of flow 
followed by an essentially constant pH. Even though the pH of the influent solutions were kept 
between 6.5 and 7, the stabilized pH of the effluent solutions were still relatively high (pH>11) 
due to the buffering capacities of the fly ashes and LKD. Column leaching tests conducted in the 
laboratory showed that the pH of the effluent and initial effluent concentration from soil-fly ash 
mixtures increases with increasing lime kiln dust content (Figure 1.b).The metal concentrations 
increased with increasing fly ash content in CLTs which can be a result of the increased total 
metal amount in the soil compound.  The addition of fly ash, on the other hand, caused an 
increase in pH values and in concentrations of Cu, Sb, V and Mn.  However, the increase in the 
metal source (fly ash addition) appeared to be more dominant compared the effect of pH increase 
on metal solubility. On the other hand, the addition of lime kiln dust (LKD) had different effects 
on the leaching of metal into the porous medium. Since the addition of LKD is directly 
correlated to a change in pH of the effluent solutions, it is an important variable to consider in 
the control of metal leaching. LKD addition caused a decrease in CLT concentrations of Cu, Sb, 
V and Mn due to an increase on the negative surface charge on the solid surface. However, Al 
and Cr concentrations increased with LKD addition due to an increase on the solubility of their 
anionic species.  

In addition, the release of all metals from the soil mixtures in CLTs exhibited a first-flush 
pattern followed by a decrease in concentrations.  Most of the metals were leached out at the 
beginning of the tests, and eventually reached an equilibrium concentration over time (at 50-60 
pore volumes of flow). The higher initial pH values of the effluent solutions may have 
contributed to an increase in the solubility of anionic species, especially for Al and Cr. 

Numerical simulations showed that the metal concentrations decrease over time and 
distance and that all the metals are sufficiently dispersed in the vadose zone such that they do not 



reach the groundwater within eight years after the construction (Figure 2). The concentrations in 
groundwater after this period are significantly below the EPA MCLs. 

The laboratory test results obtained in current study suggest that, in a real field 
application, aqueous samples should be collected especially during the construction phase since 
metal concentrations in leachates that come out of the mixtures are expected to be higher at the 
initial stages. The laboratory test results suggested that metal concentrations are expected to be 
very low after this first-flush period. A groundwater transport modeling study coupled with the 
current laboratory data can be useful in estimating the transport of the metals under field 
conditions during and after construction. It is likely that concentrations of metals may be greatly 
reduced far away from the source before reaching the point of compliance due to chemical and 
biological activity in the field. 
 

 
 

Figure 1.a) pH of the effluent from CLT conducted with soil mixtures, Elution curves for (b) Sb  
(Note: 10 FA, 20 FA, designate the specimens with 10% and 20% fly ashes. LKD: Lime Kiln 
Dust). 

 
Figure 2. Predicted concentrations of chromium in vadose zone and groundwater (Note: 10 BS 
designate the specimens with 10 % BS Brandon Shores fly ash, LKD: Lime kiln dust). 



 

 

Figure 3. a) Column leaching test setup, b) Atomic adsorption spectrometry machine 

 

Column Leaching Test Setup 

Atomic Adsorption Spectrometry Machine 
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Introduction 

As droughts and water shortages become more common, reclaimed wastewater is 
increasingly used for agricultural and landscaping applications as well as source water for 
drinking water treatment plants. The goal of the project described here was to evaluate 
whether spray irrigation workers could be exposed to antibiotic-resistant bacteria and 
antimicrobials that remain in treated wastewater used for spray irrigation. In particular, 
we were interested in evaluating exposures to two microorganisms that are leading causes 
of hospital- and community-acquired infections, methicillin-resistant Staphylococcus 

aureus (MRSA) and vancomycin-resistant Enterococcus spp. (VRE). This project was 
made possible by a Maryland Water Resources Research Center (MWRRC) Summer 
Graduate Fellowship for Summer 2010 awarded to Rachel Elizabeth Rosenberg 
Goldstein (maiden name Rosenberg). 

Methods 

Mrs. Rosenberg Goldstein conducted the field sampling in the Mid-Atlantic 
region, sample processing, lab analysis, confirmation tests, antimicrobial susceptibility 
testing, and data analysis.  

Study Sites 

Samples for the study were collected from three sites during the 2010 summer 
sampling period. Samples were collected from a reclaimed wastewater spray irrigation 
site in the Mid-Atlantic region using tertiary-treated reclaimed wastewater. Samples were 
also collected from two locations in Nebraska using secondary treated wastewater - a golf 
course and an agricultural reuse site.  

Sample Collection 

A total of 24 reclaimed wastewater spray irrigation samples, and 40 nasal and 
dermal swab samples were collected from the Mid-Atlantic region spray irrigation site on 
sampling trips in June, July, and September 2010. 30 nasal and dermal swab samples 
from office worker controls were also collected during this time period.  Nasal and 



dermal swab samples were collected in conformance with Institutional Review Board 
(IRB) approval (Protocol # 09-0211) from the University of Maryland, College Park 

In addition to the wastewater, nasal and dermal samples, 60 air samples were 
collected at the Mid-Atlantic spray irrigation site within range of the sprinklers spraying 
reclaimed wastewater. Air samples were also collected at a location within the spray 
irrigation site not in the direct range of the spray heads, adjacent to a residential 
community. This second sampling location acted as a control site for our spray irrigation 
location and can be used as baseline data about community exposures to aerosolized 
pathogens from reclaimed wastewater used in spray irrigation. 

Reclaimed wastewater, air, and nasal and dermal swab samples from the Mid-
Atlantic region site were collected asceptically and transported at 4°C to Dr. Amy R. 
Sapkota’s environmental microbiology lab at the University of Maryland, College Park 
School of Public Health. Nebraska samples were collected asceptically and shipped on 
ice to Dr. Sapkota’s lab by a collaborator located in the state. 

Laboratory Analysis 

Water samples were analyzed using standard membrane filtration followed by 
culture methods. Air samples were collected with two-stage impactors and replicated 
onto selective media for S. aureus and Enterococcus spp. Nasal and dermal swab samples 
were streaked onto selective media for the agents of interest. Biochemical tests and 
polymerase chain reaction (PCR) were used to confirm identification of isolates from all 
sample types. Antimicrobial susceptibility testing was performed using the Sensititre 
microbroth dilution system. 

Results 

No MRSA, or methicillin-susceptible S. aureus (MSSA), were isolated from any 
of the reclaimed wastewater or air samples collected during the sampling period from 
either the Mid-Atlantic region or Nebraska sites. Only one VRE isolate was detected in 
any of the water or air samples from all three sampling events at the Mid-Atlantic site and 
no VRE was isolated from the Nebraska sites.  

No MRSA or VRE were isolated from spray irrigation worker nasal or dermal 
swabs. An average of 20 percent of spray irrigation workers were colonized with MSSA 
during the summer sampling season compared to 33 percent of office worker controls. A 
variety of antibiotic resistance patterns were identified for the nasal MSSA isolates. 

The concentration of enterococci, a fecal indicator, was quantified at all four 
sample locations at the Mid-Atlantic region spray irrigation site. Figure 1 presents 
average concentrations of enterococci for 2009 sampling sessions as well as the three 
sampling sessions conducted over Summer 2010. Figure 1 shows that the concentration 
of enterococci decreased after on-site ultraviolet radiation (After UV) and then increased 
after being stored in an open-air storage pond (“Inlet to Pumphouse” sample). The “Inlet 
to Pumphouse” sample is representative of water that is distributed to spray heads and 
comes into contact with the spray irrigation workers. Comparing the “Inlet to 
Pumphouse” samples with EPA guidelines for recreational water quality, the majority of 



samples exceeded EPA guidelines for frequent full-body use (33 CFU/100 ml) and 
light/infrequent full-body use (107 CFU/100 ml). 

Conclusions 

As reclaimed wastewater becomes an increasingly common water source, 
assessing possible human health risks from its use is critical. Our findings suggest that 
tertiary-treated wastewater used for spray irrigation might not contain levels of MRSA or 
VRE that can be detected using present day technologies. However, the concentrations of 
total Enterococcus spp. that spray irrigation workers are exposed to from reclaimed 
wastewater could lead to increased risks of gastrointestinal illness.  
 

 



Information Transfer Program Introduction

For the ninth year, the Maryland Water Resources Research Center supported a 1-day symposium on a water
issue important to the State.

The Center also published a newsletter in February 2011. Articles reported on research supported by the
Center, the Fall Water symposium, and Center news, including an introduction of the new center director. The
newsletter mailing list is approximately 220, with others receiving an electronic version.

The Center sponsored the reception at the Sixth meeting of the DC Area Water Issues Program (DCAWIP),
offered by the University of the District of Columbia with the support of the DC WRRI. DCAWIP Seminar
#6, on Sept. 30, 2010, focused on the Anacostia River, which connects Maryland and the District of
Columbia. The Seminar, entitled "DC’s Waters in History and Culture" featured Dr. John Wennersten,
Historian and Author of “Anacostia: Death and Life of a River” & “Chesapeake: An Environmental
Biography”; and Steve Ricks, Chair of the Historic Anacostia Boating Association & Commodore of the
Washington Yacht Club. In addition to sponsoring that particular session, Dr. Brubaker, Maryland Center
Director, was one of several speakers on Regional Flood Risk at the first session and attended the seminar
series regularly.

Information Transfer Program Introduction
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Maryland Water 2010

Basic Information

Title: Maryland Water 2010
Project Number: 2010MD231B

Start Date: 3/1/2010
End Date: 2/28/2011

Funding Source: 104B
Congressional District: MD 5

Research Category: Not Applicable
Focus Category: None, None, None

Descriptors: None
Principal Investigators: Allen Davis

Publications

There are no publications.

Maryland Water 2010
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The annual Maryland Water Resources Symposium, on the theme “Water and Energy in Maryland,” was held October 28, 

2010 in the Adele H. Stamp Student Union at the University of Maryland, College Park. 

Symposium participants (about 100) heard speakers from the region address a variety of topics in the areas of: 

• Energy for Water (energy required to supply water for society)  

• Water for Energy (water required to supply energy for society)  

• Energy vs. Water (impacts of energy development on water quantity and quality)  

Although Maryland waters were not affected by the Gulf oil spill, that disaster was a sobering demonstration of how the 

environment and water resources can be damaged in the process of meeting society's energy needs. Our state faces its own 

set of connections, challenges, potential conflicts -- and potential synergy -- between water and energy. Participants 
learned about past, present, and future research and practice to meet Maryland's energy and water needs reliably and 

sustainably. 

The morning session discussed the water/energy nexus, with emphasis on Maryland issues, opportunities, and research 

needs. The afternoon session featured specific investigations and innovations, including atmospheric deposition and water 
quality, generating power from wastewater biosolids, powering treatment plants with solar and wind energy, and living 

systems for water and energy in the built environment (including Maryland's 2011 Solar Decathlon entry, WaterShed). 

The Water/Energy Nexus: Why Should We Care? (Keynote) 
Hal E. Cardwell, Ph.D., Senior Water Resources Specialist, U.S. Army Corps of Engineers Institute for Water Resources 

Integrated Water/Energy Planning and Management 

Cat Shrier, Ph.D., P.G., Principal and Founder, Watercat Consulting, LLC 

Competing Energy, Water, and Land Use in Maryland Watersheds 

Joseph Hoffman, P.E., Executive Director, Interstate Commission on the Potomac River Basin 

Water for Electricity in Maryland 

Peter M. Dunbar, Ph.D., P.E., Director, Power Plant Assessment Division, Maryland Department of Natural Resources  

Water and Energy in Maryland: What Next? Opportunities, Knowledge Gaps and Research Needs 

Robert M. Beringer, P.E., Vice President, Water & Wastewater, Johnson, Mirmiran & Thompson, Inc. 

Luncheon 

Atmospheric Deposition and Water Quality in Maryland 

John Sherwell, Ph.D., Administrator for Atmospheric Sciences, Power Plant Research Program, Maryland Department of 

Natural Resources 

Powering Treatment Plants with Sun and Wind: Sustainability Practices at WSSC  

Robert Taylor, P.E., C.E.M., Energy Manager, Washington Suburban Sanitary Commission 

Feasibility Analysis of Combined Heat & Power from WSSC's Wastewater Biosolids 

Kevin Selock, Parkway WWTP Superintendent, Washington Suburban Sanitary Commission  

Living Systems for Energy and Water Conservation in the Built Environment; Plus an Update on UM's 2011 Solar 

Decathlon Entry "WaterShed" 

David R. Tilley, Ph.D., Associate Professor of Ecological Engineering Environmental Science & Technology, University 
of Maryland, College Park 

 

Slides for all the talks are available on the Maryland Water Resources Research Center web site, 

http://www.waterresources.umd.edu  
 

 



USGS Summer Intern Program

None.
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Student Support

Category Section 104 Base
Grant

Section 104 NCGP
Award

NIWR-USGS
Internship

Supplemental
Awards Total

Undergraduate 3 3 0 0 6
Masters 3 2 0 0 5

Ph.D. 3 0 0 0 3
Post-Doc. 1 0 0 0 1

Total 10 5 0 0 15

1



Notable Awards and Achievements

Nothing to report.
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Publications from Prior Years
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