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Abstract
Microorganisms constitute an almost exclusive form of life 
in the earth’s subsurface environment (not including caves), 
particularly at depths exceeding the soil horizon. While of broad 
interest to ecology and geology, scientific interest in the fate 
and transport of microorganisms, particularly those introduced 
through the anthropogenic environment, has focused on 
understanding the subsurface environment as a pathway for 
human pathogens and on optimizing the use of microbial 
organisms for remediation of potable groundwater. This special 
section, inspired by the 2014 Ninth International Symposium for 
Subsurface Microbiology, brings together recent efforts to better 
understand the spatiotemporal occurrence of anthropogenic 
microbial groundwater contamination and the fate and transport 
of microbes in the subsurface environment: in soils, deep 
unsaturated zones, and within aquifer systems. Work includes 
field reconnaissance, controlled laboratory studies to improve 
our understanding of specific fate and transport processes, and 
the development and application of improved mechanistic 
understanding of microbial fate and transport processes in the 
subsurface environment. The findings confirm and also challenge 
the limitations of our current understanding of highly complex 
microbial fate and transport processes across spatiotemporal 
scales in the subsurface environment; they also add to the 
increasing knowledge base to improve our ability to protect 
drinking water resources and perform in situ environmental 
remediation.
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The subsurface environment is rich in micro-
bial life forms, diversity, and intensity (Fredrickson and 
Fletcher, 2001; Pepper et al., 2014). An understanding 

of the transport and fate of microorganisms (viruses, bacteria, 
and protozoa) in the subsurface environment is needed for pro-
tection of public health at the interface between the environ-
ment and industrial, urban, and agricultural systems and for 
better understanding applications that utilize microbial systems. 
For example, the delivery or stimulation of beneficial microor-
ganisms at specific locations in the subsurface can potentially be 
exploited in bioremediation and bioaugmentation (Mishra et 
al., 2001; Vidali, 2001) and microbially enhanced oil recovery 
(Banat, 1995). Conversely, pathogenic microorganisms pose a 
risk to human health through recreational exposure in surface 
water and contamination of drinking water and food supplies 
(Embrey and Runkle, 2006; WHO, 2011). Groundwater serves 
half of the global population as the primary source for drinking 
water and provides 43% of irrigation water including for fresh 
produce in many parts of the world with little or no additional 
treatment (WHO, 2011; Maupin et al., 2014; UNWWAP 
2015). Surface water and wastewater with microbial contamina-
tion is frequently treated, incidentally or intentionally, to remove 
pathogens by passage through porous media during riverbank 
filtration, sand filtration, managed aquifer recharge, and infiltra-
tion (Chittaranjan et al., 2003; Kazner et al., 2012). The implicit 
assumption is that pathogens in groundwater resources can be 
sufficiently removed or inactivated during passage through the 
vadose zone and aquifer. However, indicator microorganisms as 
well as pathogens have frequently been found to occur in surveys 
of shallow and deep groundwater wells (WHO, 2011; Borchardt 
et al., 2007), and waterborne and foodborne disease outbreaks 
have been linked to microbial contamination of groundwa-
ter supplies (Steele and Odumeru, 2004; Craun et al., 2010; 
Borchardt et al., 2011; UNWWAP, 2015).

Considerable amounts of research have been directed toward 
the topic of microbial transport and fate in the environment 
to minimize risks or maximize benefits of microbial migration 
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core ideas

•	 Brings together recent research on microbial occurrence, fate, 
and transport in the subsurface.
•	 Papers include field reconnaissance, controlled laboratory stud-
ies, and mathematical models.
•	 Work adds to the knowledge base to protect water resources 
and perform environmental remediation.
•	 Findings identify critical knowledge gaps, conditions of in-
creased risks, and model limitations.
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(Schijven and Hassanizadeh, 2000; Ginn et al., 2002; Harvey 
and Harms, 2002; Foppen and Schijven, 2005; Pang, 2009; 
Bradford et al., 2013). However, many gaps in knowledge still 
remain for understanding and predicting the occurrence and 
fate of microbes due to complex biogeochemical processes that 
exhibit multiscale spatial and/or temporal heterogeneity, the 
need to link results from surrogates (e.g., indicator microbes, 
colloids, and nanoparticles) to pathogens, and the large number 
of potential transport pathways. Furthermore, different models 
are required for various transport pathways, and there is cur-
rently not a consensus in the literature on the proper mechanistic 
framework to quantify microbial fate. The integration of exten-
sive knowledge from a myriad of rapidly evolving disciplines is 
needed to overcome these gaps in knowledge. New paradigms, 
theories, and models must be developed at different scales and 
for various migration pathways to solve these pressing problems.

Overview of the Special Section
In the fall of 2014, research scientists and regulatory agency 

personnel met at the Ninth International Symposium on 
Subsurface Microbiology in Pacific Grove, CA, organized by 
the International Society for Subsurface Microbiology and the 
National Water Research Institute. This collection of 15 papers 
was inspired by the symposium’s exposition and discussion of 
recent research on microbial occurrence, fate and transport in 
the subsurface. For convenience, the editors have grouped these 
papers under four subject headings: (i) pathogen sources and 
occurrence, (ii) laboratory studies, (iii) field studies, and (iv) 
mathematical models. We point out, however, that many of these 
papers in fact highlight elements that pertain to multiple head-
ings. Under each subject heading, we provide a brief introduc-
tion of the research topic and then a concise summary of the 
objective and contributions of papers in the special collection.

Pathogen Sources and Occurrence
Land-applied animal manure and biopiles of slaughter-

house residuals are potentially important sources of microbial 
pathogens in the environment. Pathogens and indicators can be 
released from these sources to flowing water during precipitation 
and irrigation events. Overland and subsurface flow of contami-
nated effluent can adversely affect surface water and/or ground-
water quality and human health through exposure to pathogens 
in recreational water, drinking water, and water used to irrigate 
fresh produce or grow shellfish. Two contributions to the spe-
cial section examine pathogen sources and their release into the 
environment.

Blaustein et al. (2015) provide a critical review of the litera-
ture on processes, factors, mathematical models, and knowledge 
gaps related to microbial release and subsequent removal from 
manure and animal waste application areas. Aspects considered 
include animal sources and animal waste composition, waste 
aging and treatment effects, land application methods for animal 
waste, microbial properties, the role of suspended solids and reat-
tachment in runoff, and environmental conditions such as tem-
perature, vegetation, soil, and rainfall recurrence and intensity. 
Cumulative release of microbes from manure with total rainfall 
is a nonlinear process, with an initial fast stage that is followed 
by a slow stage. Release and removal processes are demonstrated 

to depend on many physical, chemical, and biological factors. 
However, relatively little is still known about the influence of 
rainfall intensity, topography, soil properties, and scale size on 
microbial release or removal from application areas.

Michitsch et al. (2015) examine the transport and fate of 
indicator bacteria from biopiles (static compost piles) of slaugh-
terhouse residuals. More than 90% of the indicator bacteria load 
followed large precipitation events, albeit only at a small fraction 
(<0.01%) of the original population in biopile effluent, suggest-
ing a significant role for retention and inactivation in biopiles 
while significant external controls on water entering and leaving 
the biopile are effective and important measures to reduce risk 
for environmental impacts. Loads decreased exponentially with 
time. Enterobacteriaceae indicators remained low in conditions 
of higher soil water content and lower biopile temperatures, 
whereas the Enterococcaceae indicator appeared to regrow in 
these conditions.

Laboratory Studies
Detailed research studies on the fate and transport of patho-

gens in the subsurface have been conducted largely at the labora-
tory scale using highly idealized systems and pathogen surrogates 
to better isolate the influence of specific processes and factors. 
Literature results demonstrate that the transport and fate of 
microbes and surrogates will be highly dependent on incom-
pletely characterized interactions with diverse environmental 
surfaces that are coupled with a multitude of physical, chemical, 
and microbiological factors (Bradford et al., 2013). Regulatory 
constraints also require the use of pathogen surrogates in field 
studies, so it is critical to identify surrogates that provide a con-
servative estimate of pathogen transport and fate in risk assess-
ment. Four contributions to the special section examine various 
aspects of microbe and surrogate transport and retention process 
at the laboratory scale.

In cleverly designed laboratory experiments, Lu et al. (2015) 
investigate the effect of swimming motility on the attachment 
of bacteria to porous media. Different strains of Azotobacter 
vinelandii cells and silica surfaces served as model systems for 
a comprehensive analysis of cell trajectories and deposition in a 
radial stagnation point flow cell and in a two-dimensional mul-
tiple-collector micromodel. Strong swimming strains exhibited 
reduced deposition on the upstream surface of collectors because 
horizontal and vertical movement limited their contact time 
with the surface.

Zhang et al. (2015) quantified colloid (300-nm carboxylate-
modified latex microsphere) retention and release processes in 
micromodel experiments under various flow rates. Colloid reten-
tion was observed to decrease with an increase in flow rate, and 
release was observed when the flow rate was suddenly increased, 
for example, by a factor of 10. The measured breakthrough 
curves were successfully simulated using a pore-network model 
that included expressions for first-order colloid retention and 
release. The authors explain mechanisms of colloid retention in 
terms of the effects of surface roughness on the torque balance.

Burbery et al. (2015) conducted a series of saturated column 
experiments to examine the ability of calcareous coral sand, 
widely relied on for in situ sanitation on tropical low lying 
atolls, to retain Escherichia coli J6-2 and bacteriophage MS2. 
The coral sand proved highly effective at removing the E. coli 
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J6–2 (7.7 log units m-1), whereas the retention of MS2 could 
not be conclusively determined because the plastic apparatus 
used in the column studies induced inactivation of this phage.

Stevenson et al. (2015) examine the transport and retention 
behavior of human adenovirus, nanoparticles, and bacterio-
phages PRD1 and MS2 in fine granular limestone aquifer mate-
rial taken from a borehole at a managed aquifer recharge site in 
Adelaide, Southern Australia. PRD1 was found to be a suitable 
surrogate for adenovirus to test managed aquifer recharge in an 
aquifer dominated by calcite material, however, not under high 
ionic strength or high pH conditions. These results suggest that 
indicators of a specific pathogen are not solely based on similar 
size, morphology and/or surface charge but may be dependent 
on site-specific conditions.

Field Studies
Natural environments exhibit heterogeneity at multiple 

scales. In addition to heterogeneity that is commonly observed 
at the laboratory scale, field-scale studies also exhibit heteroge-
neity in soil properties and surface topography and temporal 
variability in temperature, water inputs, and pathogen sources. 
Limited field research with microbes and surrogates indicates 
that dominant migration pathways and fate processes will 
change with the spatial and temporal scales (Pang, 2009; Unc 
et al., 2012; Bradford et al., 2013). For example, intense rainfall 
events can generate runoff, preferential flow, and transients in 
solution chemistry and water saturation that can rapidly trans-
port microbes in agricultural settings (Sterk et al., 2013; Wang 
et al., 2014). Pathogens and/or subpopulations that survive for 
extended periods of time have a greatly enhanced probability of 
being subject to such rapid-transport events (de Roda Husman 
et al., 2009). Most of these field-scale microbe transport and fate 
processes have received little research attention, and approaches 
to upscale laboratory information to the field-scale are almost 
nonexistent. Five contributions to the special section examine 
various aspects of microbe and surrogate transport, retention, 
and/or survival at the field scale.

Sidhu et al. (2015) studied the influence of pathogen type 
and aquifer characteristics (e.g., geochemistry and type of source 
water) on pathogen removal in four managed aquifer recharge 
settings representing unconfined and confined, calcareous and 
siliceous aquifer conditions. Bacterial pathogens and indicators 
(Salmonella 192 enterica serovar Typhimurium, Escherichia coli, 
and Enterococcus fecalis) had the shortest one log10 removal time 
(T90 =  <3 d) followed by Cryptosporidium oocysts (T90 < 120 
d). Removal of the enteric viruses (Coxsackievirus, Adenovirus, 
and Rotavirus) was sensitive to the aquifer geochemistry (T90 = 
18 to >200 d), and was less under anoxic conditions (T90 > 65 d 
for Coxsackievirus, and > 200 d for Adenovirus and Rotavirus). 
Adenovirus survived longer than other microorganisms exam-
ined and could be used as a conservative organism for pathogen 
decay in groundwater.

Harvey et al. (2015) investigated the removal of cyanobac-
teria (IS625), viruses (AS-1, MS2), carboxylated latex micro-
spheres (1700 nm), and dissolved organic carbon (DOC) in the 
colmation layer during natural bank filtration. More than 99% 
of the microspheres, IU625, MS2, AS-1 and ~42% of the DOC 
were removed in the colmation layer at the bottom of a small lake 

(upper 25 cm of sediments) at two test locations characterized 
by dissimilar seepage rates (1.7 versus 0.26 m d-1). The colma-
tion layer was responsible for rapid changes in the character of 
the DOC and was more effective (by 3 orders of magnitude) at 
removing microspheres than was the underlying 30 cm-long seg-
ment of sediment. A Lee-type seepage meter was critical to suc-
cessfully performing the field studies.

Arnaud et al. (2015) monitored E. coli concentrations 
beneath a 12-m-thick vadose zone of coarse, heterogeneous 
glacial sediments, following surface application of liquid swine 
manure. Escherichia coli was detected on all 23 sample dates over 
a 5-mo period, with particularly elevated concentrations 1 wk 
after application and lasting for 5 wk. These findings indicate 
that fecal bacteria can rapidly migrate through a deep vadose 
zone due to incompletely characterized preferential flow path-
ways and/or remobilization processes.

Li et al. (2015) conducted a survey of microbiological 
groundwater quality in a region with intensive animal agriculture 
in California. Generic E. coli was detected in 24.2% (46/190) 
of CAFO monitoring wells, 4.2% (1/24) of concentrated 
animal feeding operation (CAFO) domestic wells, and 4.5% 
(9/200) of small supply wells. Enterococcus spp. was detected in 
97.4% (185/190) of CAFO monitoring wells, 87.5% (21/24) 
of CAFO domestic wells, and 10.3% (21/200) of small supply 
wells. Concentrations of generic E. coli were not significantly 
associated to any factors, whereas concentrations of Enterococcus 
spp. were significantly associated to proximity to CAFOs, sea-
sons, and concentrations of potassium in water. Important 
from a human health perspective, the majority of generic E. coli 
(63.6%) and Enterococcus spp. (86.1%) isolates from the surveys 
exhibited resistance to multiple (more than three) antibiotics, 
indicating widespread distribution of antibiotic resistant genes 
into drinking water via nonpathogenic bacteria.

Flynn et al. (2015) reappraise solute and microbial tracer tests 
to characterize the ability of peri-glacial sand and gravel aquifers 
to remove microbiological contaminants using a well character-
ized field site near Munich, Germany. The relative recovery of E. 
coli, the bacteriophage H40/1, and Pseudomonas putida varied 
strongly for transport distances of several tens of meters between 
injection and observation wells. These findings are explained in 
terms of filtration theory, microbe size and charge, and obser-
vations from fresh outcrops that demonstrated significant geo-
chemical heterogeneity. Thin open framework gravel beds rapidly 
displace groundwater and pose significant microbial contamina-
tion risk, yet overlying finer-grained aquifer layers may provide 
significant attenuation from microbial pollution sources.

Mathematical Models
Society has a pressing need to address many microbial trans-

port issues at large spatial and temporal scales, including water 
treatment, bioremediation, and pathogen fate. Mathematical 
modeling tools can potentially help us understand and predict 
the complexities of microbial transport and survival for these 
scenarios under given assumptions and conditions (Schijven and 
Hassanizadeh, 2000; Ginn et al., 2002). However, there still is 
a critical need to improve our understanding and description 
of many fundamental microbial transport and fate processes, 
especially in independently determining model parameters for 
dynamic natural environments (Bradford et al., 2014; Molnar et 
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al., 2015). Furthermore, there is no consensus in the literature 
on the proper conceptual and/or mathematical framework to 
describe these processes under well-defined laboratory condi-
tions, let alone at the field or watershed scales (see, e.g., Sadeghi 
and Arnold, 2002; Pachepsky et al., 2006; Drummond et al., 
2014). These knowledge gaps have hampered the ability of the 
scientific community to develop predictive models and best 
management practices. Four modeling contributions to the spe-
cial section provide an improved ability to simulate or increase 
our understanding of microbial fate in the environment.

Morales et al. (2015) simulated E. coli removal efficien-
cies in a conventional soil-based wastewater treatment system 
under environmental and operational conditions that might be 
expected under changing climatic conditions using HYDRUS 
2D/3D software. The initial model parameters were calibrated 
to published experimental data. The simulated performance of 
the treatment system tended to increase in finer textured soils, 
for lower hydraulic loading and precipitation rates, in the pres-
ence of a biomat layer, and at higher subsurface temperatures.

Leij et al. (2015) determined a straightforward analytic 
solution, zero- and first-order time moments, and the setback 
distance for the problem of advective colloid transport with 
irreversible retention and Langmuirian blocking. Escherichia 
coli D21 g breakthrough curves and retention profiles in fine 
sand at four ionic strengths were well described by the model. 
Illustrative simulations demonstrated that blocking becomes 
more important for smaller retention capacity (Sm) and for larger 
retention rate coefficient (k), input concentration (Co), and 
pulse duration. Blocking tended to delay colloid arrival time at a 
particular location relative to a conservative tracer, and produced 
larger setback distances for smaller k and Sm/Co.

Liao et al. (2015) evaluate the impact of bacteria sediment 
interactions in a continuous, watershed-scale model that was 
calibrated with measurements of fecal indicator bacteria con-
centrations in the water column and streambed sediment. The 
model performance under a “sediment-attached” scenario was 
essentially equivalent to the simpler “free-phase” scenario for this 
site-specific scenario. It is unclear whether the additional model 
complexity associated with bacteria sediment interactions are 
justified and/or when these interactions need to be considered.

Schijven et al. (2015) introduce the interactive computational 
tool QMRAcatch to simulate concentrations of target microor-
ganisms and viruses (TMVs) in catchment water resources, to 
assess infection risks from exposure, and to calculate the required 
treatment to meet health based water quality targets. Sources of 
TMVs include wastewater discharge into a river and fecal depos-
its on a floodplain. Travel times for a main river and a floodplain 
river were calculated using the Manning–Gauckler–Strickler 
formula, and concentrations of TMVs were subject to dilu-
tion and temperature dependent degradation. Applicability of 
QMRAcatch is demonstrated by calibrating the tool for a study 
site at the River Danube near Vienna, Austria.

Concluding Thoughts
We trust that readers of this special section will find that these 

papers make a valuable contribution to our ability to understand 
and model the highly complex processes of microbial occurrence, 
transport, and fate across spatiotemporal scales in the subsurface 

environment. This information is needed to increase our knowl-
edge base to enhance in situ environmental remediation, and to 
assess the risk to, and protection of, our water resources from 
microbial contamination. Findings from these studies also iden-
tify critical gaps in knowledge, conditions of increased risks, and 
limitations of models. Additional research is needed to over-
come these challenges. Many opportunities exist to develop and/
or use new scientific tools to quantify microbial transport and 
fate in the subsurface. For example, research is needed to quan-
titatively detect and monitor microbial fate, relate the behavior 
of surrogates to pathogens, incorporate laboratory findings into 
models, develop accurate/precise upscaling procedures, predict 
the influence of physicochemical conditions on model param-
eters, and obtain accurate model predictions at laboratory and 
field scales. These research endeavors should be focused on con-
ditions that pose the greatest potential benefits and/or risks from 
microorganisms.

Acknowledgments
The guest editors, Drs. Schijven and Harter, for this special collection 
chaired a session at the Ninth International Symposium on Subsurface 
Microbiology that was held in Pacific Grove, CA, on 5–10 Oct. 
2014. This symposium was sponsored by the International Society for 
Subsurface Microbiology and administered by the National Water 
Research Institute. This special section evolved from discussions and 
presentations at this meeting. We would like to extend a special thanks 
to the authors, reviewers, Associate Editors, and staff at the Journal of 
Environmental Quality for their efforts to put together this high-quality 
special section in a timely manner.

References
Arnaud, E., A. Best, B. Parker, R. Aravena, and K. Dunfield. 2015. Transport of 

Escherichia coli through a thick vadose zone. J. Environ. Qual. 44:1424–
1434. doi:10.2134/jeq2015.02.0067

Banat, I.M. 1995. Biosurfactant production and possible uses in microbial en-
hanced oil recovery and oil pollution remediation: A review. Bioresour. 
Technol. 51:1–12. doi:10.1016/0960-8524(94)00101-6

Blaustein, R.A., Y.A. Pachepsky, D.R. Shelton, and R.L. Hill. 2015. Release and 
removal of microorganisms from land-deposited animal waste and animal 
manures: A review of data and models. J. Environ. Qual. 44:1338–1354. 
doi:10.2134/jeq2015.02.0077

Borchardt, M.A., K.R. Bradbury, E.C. Alexander, R.J. Kolberg, S.C. Alexander, 
J.R. Archer, L.A. Braatz, B.M. Forest, J.A. Green, and S.K. Spencer. 2011. 
Norovirus outbreak caused by a new septic system in a dolomite aquifer. 
Ground Water 49:85–97. doi:10.1111/j.1745-6584.2010.00686.x

Borchardt, M.A., K.R. Bradbury, M.B. Gotkowitz, J.A. Cherry, and B.L. Parker. 
2007. Human enteric viruses in groundwater from a confined bedrock 
aquifer. Environ. Sci. Technol. 41:6606–6612. doi:10.1021/es071110+

Bradford, S.A., V.L. Morales, W. Zhang, R.W. Harvey, A.I. Packman, A. Mo-
hanram, and C. Welty. 2013. Transport and fate of microbial pathogens in 
agricultural settings. Crit. Rev. Environ. Sci. Technol. 43:775–893. doi:10
.1080/10643389.2012.710449

Bradford, S.A., Y. Wang, H. Kim, S. Torkzaban, and J. Šimůnek. 2014. Modeling 
microorganism transport and survival in the subsurface. J. Environ. Qual. 
43:421–440. doi:10.2134/jeq2013.05.0212

Burbery, L., L. Weaver, B. Humphries, and J. Gregor. 2015. Efficacy of coral sand 
for removal of Escherichia coli and bacteriophage under saturated flow con-
ditions. J. Environ. Qual. 44:1384–1391. doi:10.2134/jeq2015.01.0044

Chittaranjan, R., G. Melin, and R.B. Linsky. 2003. Riverbank filtration: Improv-
ing source-water quality. Springer, Dordrecht, the Netherlands.

Craun, G.F., J.M. Brunkard, J.S. Yoder, V.A. Roberts, J. Carpenter, T. Wade, R.L. 
Calderon, J.M. Roberts, M.J. Beach, and S.L. Roy. 2010. Causes of out-
breaks associated with drinking water in the United States from 1971 to 
2006. Clin. Microbiol. Rev. 23:507–528. doi:10.1128/CMR.00077-09

de Roda Husman, A.M., W.J. Lodder, S.A. Rutjes, J.F. Schijven, and P.F.M. Teu-
nis. 2009. Long-term inactivation study of three enteroviruses in artificial 
surface and groundwaters, using PCR and cell culture. Appl. Environ. Mi-
crobiol. 75:1050–1057. doi:10.1128/AEM.01750-08

http://dx.doi.org/10.2134/jeq2015.02.0067
http://dx.doi.org/10.1016/0960-8524(94)00101-6
http://dx.doi.org/10.2134.jeq2015.02.0077
http://dx.doi.org/10.1111/j.1745-6584.2010.00686.x
http://dx.doi.org/10.1021/es071110%2B
http://dx.doi.org/10.1080/10643389.2012.710449
http://dx.doi.org/10.1080/10643389.2012.710449
http://dx.doi.org/10.2134/jeq2013.05.0212
http://dx.doi.org/10.2134/jeq2015.01.0044
http://dx.doi.org/10.1128/CMR.00077-09
http://dx.doi.org/10.1128/AEM.01750-08


Journal of Environmental Quality 1337

Drummond, J.D., R.J. Davies-Colley, R. Stott, J.P. Sukias, J.W. Nagels, A. Sharp, 
and A.I. Packman. 2014. Retention and remobilization dynamics of fine 
particles and microorganisms in pastoral streams. Water Res. 66:459–472. 
doi:10.1016/j.watres.2014.08.025

Embrey, S.S., and D.L. Runkle. 2006. Microbial quality of the nation’s groundwa-
ter resources, 1993–2004. US Geological Survey Sci. Investigations Rep. 
2006-5290. USGS, Reston, VA.

Flynn, R.M., G. Mallèn, M. Engel, A. Ahmed, and P. Rossi. 2015. Characterizing 
aquifer heterogeneity using bacterial and bacteriophage tracers. J. Environ. 
Qual. 44:1448–1458. doi:10.2134/jeq2015.02.0117

Foppen, J.W.A., and J.F. Schijven. 2005. Transport of E. coli in columns of 
geochemically heterogeneous sediment. Water Res. 39:3082–3088. 
doi:10.1016/j.watres.2005.05.023

Fredrickson, J.K., and M. Fletcher, editors. 2001. Subsurface microbiology and 
biogeochemistry. Wiley-Liss, New York.

Ginn, T.R., B.D. Wood, K.E. Nelson, T.D. Scheibe, E.M. Murphy, and T.P. Clem-
ent. 2002. Processes in microbial transport in the natural subsurface. Adv. 
Water Resour. 25:1017–1042. doi:10.1016/S0309-1708(02)00046-5

Harvey, R.W., and H. Harms. 2002. Transport of microorganisms in the ter-
restrial subsurface: In situ and laboratory methods. In: C.J. Hurst, G.R. 
Knudsen, M.J. McInerney, L.D. Stetzenback, and R.L. Crawford, editors, 
Manual of environmental microbiology. ASM Press, Washington, DC. p. 
753–776.

Harvey, R.W., D.W. Metge, D.R. LeBlanc, J. Underwood, G.R. Aiken, K. Butler, 
T.D. McCobb, and J. Jasperse. 2015. Importance of the colmation layer in 
the transport and removal of cyanobacteria, viruses, and dissolved organic 
carbon during natural lake-bank filtration. J. Environ. Qual. 44:1413–
1423. doi:10.2134/jeq2015.03.0151

Kazner, C., T. Wintgens, and P. Dillon. 2012. Water reclamation technologies 
for safe managed aquifer recharge. IWA Publishing, London.

Leij, F.J., S.A. Bradford, Y. Wang, and A. Sciortino. 2015. Langmuirian blocking 
of irreversible colloid retention: Analytical solution, moments, and setback 
distance. J. Environ. Qual. 44:1473–1482. doi:10.2134/jeq2015.03.0147

Li, X., E.R. Atwill, E. Antaki, O. Applegate, B. Bergamaschi, R.F. Bond, J. Chase, 
K.M. Ransom, W. Samuels, N. Watanabe, and T. Harter. 2015. Fecal in-
dicator and pathogenic bacteria and their antibiotic resistance in alluvial 
groundwater of an irrigated agricultural region with dairies. J. Environ. 
Qual. 44:1435–1447. doi:10.2134/jeq2015.03.0139

Liao, H., L.-A. Krometis, K. Kline, and W.C. Hession. 2015. Long-term im-
pacts of bacteria–sediment interactions in watershed-scale microbial fate 
and transport modeling. J. Environ. Qual. 44:1483–1490. doi:10.2134/
jeq2015.03.0169

Lu, N., A. Massoudieh, X. Liang, D. Hu, T. Kamai, T.R. Ginn, J.L. Zilles, and 
T.H. Nguyen. 2015. Swimming motility reduces Azotobacter vinelandii de-
position to silica surfaces. J. Environ. Qual. 44:1366–1375. doi:10.2134/
jeq2015.03.0141

Maupin, M.A., J.F. Kenny, S.S. Hutson, J.K. Lovelace, N.L. Barber, and K.S. Lin-
sey. 2014. Estimated use of water in the United States in 2010. U.S. Geo-
logical Survey Circular 1405, USGS, Reston, VA.

Michitsch, R., R. Jamieson, R. Gordon, G. Stratton, and C. Lake. 2015. Bacterial 
pathogen indicator transport from livestock mortality biopiles. J. Environ. 
Qual. 44:1355–1365. doi:10.2134/jeq2015.01.0034

Mishra, S., J. Jeevan, C.K. Ramesh, and L. Banwari. 2001. In situ bioremediation 
potential of an oily sludge-degrading bacterial consortium. Curr. Micro-
biol. 43:328–335. doi:10.1007/s002840010311

Molnar, I.L., W.P. Johnson, J.I. Gerhard, C.S. Willson, and D.M. O’Carroll. 
2015. Predicting colloid transport through saturated porous media: A 
critical review. Water Resour. Res. (in press).

Morales, I., J.A. Amador, and T. Boving. 2015. Bacteria transport in a soil-
based wastewater treatment system under simulated operational and cli-
mate change conditions. J. Environ. Qual. 44:1459–1472. doi:10.2134/
jeq2014.12.0547

Pachepsky, Y.A., A.M. Sadeghi, S.A. Bradford, D.R. Shelton, A.K. Guber, 
and T. Dao. 2006. Transport and fate of manure-borne pathogens: 
Modeling perspective. Agric. Water Manage. 86:81–92. doi:10.1016/j.
agwat.2006.06.010

Pang, L. 2009. Microbial removal rates in subsurface media estimated from pub-
lished studies of field experiments and large intact soil cores. J. Environ. 
Qual. 38:1531–1559. doi:10.2134/jeq2008.0379

Pepper, I.L., C.P. Gerba, and T.J. Gentry, editors. 2014. Environmental microbi-
ology. 3rd ed. Academic Press, San Diego, CA.

Sadeghi, A.M., and J.G. Arnold. 2002. A SWAT/microbial sub-model for pre-
dicting pathogen loadings in surface and groundwater at watershed and 
basin scales. In: Total Maximum Daily Load (TMDL) Environmental 
Regulations: Proceedings of the March 11–13, 2002 Conference, Fort 
Worth, TX. ASAE. p. 11–13.

Schijven, J., J. Derx, A.M. de Roda Husman, A.P. Blaschke, and A.H. Farnleit-
ner. 2015. QMRAcatch: Microbial quality simulation of water resources 
including infection risk assessment. J. Environ. Qual. 44:1491–1502. 
doi:10.2134/jeq2015.01.0048

Schijven, J.K., and S.M. Hassanizadeh. 2000. Removal of viruses by soil passage: 
Overview of modeling, processes, and parameters. Crit. Rev. Environ. Sci. 
Technol. 30:49–127. doi:10.1080/10643380091184174

Sidhu, J.P.S., S. Toze, L. Hodgers, K. Barry, D. Page, Y. Li, and P. Dillon. 2015. 
Pathogen decay during managed aquifer recharge at four sites with dif-
ferent geochemical characteristics and recharge water sources. J. Environ. 
Qual. 44:1402–1412. doi:10.2134/jeq2015.03.0118

Steele, M., and J. Odumeru. 2004. Irrigation water as source of foodborne patho-
gens on fruit and vegetables. J. Food Prot. 67:2839–2849.

Sterk, A., J. Schijven, T. de Nijs, and A.M. de Roda Husman. 2013. Direct and 
indirect effects of climate change on the risk of infection by water-trans-
mitted pathogens. Environ. Sci. Technol. 47:12648–12660. doi:10.1021/
es403549s

Stevenson, M.E., R. Sommer, G. Lindner, A.H. Farnleitner, S. Toze, A.K.T. 
Kirschner, A.P. Blaschke, and J.P.S. Sidhu. 2015. Attachment and de-
tachment behavior of human Adenovirus and surrogates in fine granular 
limestone aquifer material. J. Environ. Qual. 44:1392–1401. doi:10.2134/
jeq2015.01.0052

Unc, A., M. J. Goss, S. Cook, X. Li, E. R. Atwill, and T. Harter. 2012. Analysis 
of matrix effects critical to microbial transport in organic waste-affected 
soils across laboratory and field scales. Water Resour. Res. 48:W00L12. 
doi:10.1029/2011WR010775.

United Nations World Water Assessment Program (UNWWAP). 2015. World 
water development report: Water for a sustainable world. UNESCO. 
http://unesdoc.unesco.org/images/0023/002318/231823E.pdf.

Vidali, M. 2001. Bioremediation. An overview. Pure Appl. Chem. 73:1163–
1172. doi:10.1351/pac200173071163

Wang, Y., S.A. Bradford, and J. Šimůnek. 2014. Physicochemical factors in-
fluencing the preferential transport of in soils. Vadose Zone J. 13(1). 
doi:10.2136/vzj2013.07.0120

WHO. 2011. Guidelines for drinking-water quality. 4th ed. World Health Or-
ganization, Geneva.

Zhang, Q., A. Raoof, and S.M. Hassanizadeh. 2015. Pore-scale study of flow rate 
on colloid transport and remobilization in a saturated micromodel. J. Envi-
ron. Qual. 44:1376–1383. doi:10.2134/jeq2015.01.0058

http://dx.doi.org/10.1016/j.watres.2014.08.025
http://dx.doi.org/10.2134/jeq.2015.02.0117
http://dx.doi.org/10.1016/j.watres.2005.05.023
http://dx.doi.org/10.1016/S0309-1708(02)00046-5
http://dx.doi.org/10.2134/jeq2015.03.0151
http://dx.doi.org/10.2134/jeq2015.03.0147
http://dx.doi.org/10.2134/jeq2015.03.0139
http://dx.doi.org/10.2134/jeq2015.03.0141
http://dx.doi.org/10.2134/jeq2015.03.0141
http://dx.doi.org/jeq2015.01.0034
http://dx.doi.org/10.1007/s002840010311
http://dx.doi.org/10.2134/jeq2014.12.0547
http://dx.doi.org/10.2134/jeq2014.12.0547
http://dx.doi.org/10.1016/j.agwat.2006.06.010
http://dx.doi.org/10.1016/j.agwat.2006.06.010
http://dx.doi.org/10.2134/jeq2008.0379
http://dx.doi.org/10.2134/jeq2015.01.0048
http://dx.doi.org/10.1080/10643380091184174
http://dx.doi.org/10.2134/jeq2015.03.0118
http://dx.doi.org/10.1021/es403549s
http://dx.doi.org/10.1021/es403549s
http://dx.doi.org/10.2134/jeq2015.01.0052
http://dx.doi.org/10.2134/jeq2015.01.0052
http://unesdoc.unesco.org/images/0023/002318/231823E.pdf
http://dx.doi.org/10.1351/pac200173071163
http://dx.doi.org/10.2136/vzj2013.07.0120
http://dx.doi.org/10.2134/jeq2015.01.0058

