SPECIAL SUBMISSIONS

Environmental Impacts and Sustainability of Degraded Water Reuse
Dennis L. Corwin* and Scott A. Bradford USDA-ARS
Greater urban demand for ﬁnite water resources to meet
domestic, agricultural, industrial, and recreational needs;
increased frequency of drought resulting from erratic weather;
and continued degradation of available water resources from
point and nonpoint sources of pollution have focused attention
on the reuse of degraded waters as a potential water source.
However, short- and long-term detrimental environmental
impacts and sustainability of degraded water reuse are not well
known or understood. These concerns led to the organization of
the 2007 ASA-CSSA-SSSA Symposium entitled Environmental
Impacts and Sustainability of Degraded Water Reuse. Out of
this symposium came a special collection of 4 review papers
and 12 technical research papers focusing on various issues
associated with the reuse of agricultural drainage water,
well water generated in the production of natural gas from
coalbeds, municipal wastewater and biosolids, wastewater from
conﬁned animal operations, urban runoﬀ, and food-processing
wastewater. Overviews of the papers, gaps in knowledge, and
future research directions are presented. The future prognosis
of degraded water reuse is promising, provided close attention
is paid to managing constituents that pose short- and long-term
threats to the environment and the health of humankind.
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“If there is magic on this planet, it is contained in water.”
- Loran Eisely (The Immense Journey, 1957)

T

he Merriam-Webster online dictionary deﬁnes ‘degraded’
as “characterized by degeneration of structure or function.”
From an environmental perspective ‘degraded water’ represents a
degeneration of water quality following its original intended use,
where quality refers to the condition of chemical and physical
properties such as, but not limited to, turbidity, pH, salinity,
pathogens, metals, nutrients, organics, and temperature. In
this context, water is generally degraded in terms of its original
designated use, once it has been used, whether for domestic,
agricultural, industrial, or recreational purposes. However, there
are instances where water that is used may not be degraded. This
depends on whether or not an alteration of some physical or
chemical property(ies) has occurred that detrimentally inﬂuences its
intended use to the point where it is no longer suitable for that use.
There are a variety of examples of degraded water. Irrigation
water applied to crops results in drainage, which is degraded from
its original use through the process of evapotranspiration causing
salts in the original irrigation water to be concentrated. Additional
degradation of irrigation water can occur from the leaching of
inorganic and organic chemicals present in the soil into ground
water supplies. Agricultural runoﬀ and irrigation tailwater contain
salts, sediments, nutrients, organic compounds, and trace elements,
which have been picked up as the irrigation water and runoﬀ moves
over the soil surface. Rain water falling on an urban area may serve
as a source of water for landscape vegetation, but resulting urban
runoﬀ, which contains oils, greases, and a variety of other toxic organic compounds, represents a degradation of the original precipitation. Household and drinking water supplies become degraded by a
variety of contaminants including biosolids, greases, oils, inorganic
chemicals, soaps, detergents, etc., resulting in municipal wastewater.
Ground and surface water supplies that are used on conﬁned animal
feeding operations (CAFOs) for cleaning or consumption become
degraded with hormones, pathogens, salts, trace elements, nutrients,
and other chemicals. The food-processing industry uses large quantities of water for cleaning and processing, which results in the degradation of water primarily with salts, nutrients, and biodegradable
organic carbon compounds.
Water resources are ﬁnite and yet demand for water of varying qualities continues to increase to meet agricultural, domestic,
D.L. Corwin, USDA-ARS, United States Salinity Lab., 450 West Big Springs Rd., Riverside,
CA 92507-4617. S.A. Bradford, USDA-ARS, United States Salinity Lab., 450 West Big
Springs Rd., Riverside, CA 92507-4617.
Abbreviations: CAFO, confined animal feeding operations; CBNG, coalbed natural gas; EC,
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Table 1. Global water availability estimated for 1995 and predicted for 2025 (WRI, 2000).
Status
Scarce
Stressful
Adequate
Unallocated
Total

Water supply (m3/person)
< 500
500–1,000
1000–1,700
> 1700

1995
Population (millions) Percentage of total
1077
19
587
10
669
12
3091
55
241
4
5665
100

industrial, and recreation needs. The increase in demand for
water occurs at the same time that erratic weather patterns
have caused drought throughout the world. Global water consumption rose six-fold from 1900 to 1995, which was double
the population growth rate, and continues to grow (World
Meteorological Organization, 1997). Currently, humans
withdraw 4000 km3 of water a year, which is roughly 20% of
the baseﬂow of the world’s rivers (Shiklomanov, 1997). Since
2000, the USA has experienced a drought where over half the
nation has had below average rainfall. The southeastern and
southwestern regions of the USA have been particularly hard
hit by the drought over this time period. Globally, projections
for the 2090s show a net overall global drying trend with the
proportion of the land surface in extreme drought predicted to
increase by a factor of 10 to 30— from 1 to 3% for the present day to 30% by the 2090s. The number of extreme drought
events per 100 yr and mean drought duration is predicted to
increase by factors of two and six, respectively (Burke et al.,
2006). From 1950 to 2000, the annual water availability per
person as calculated on a global basis decreased from 16,800 m3
to 6800 m3 per year (Shiklomanov, 1997). Table 1 shows global
water availability as estimated for 1995 and predicted for 2025
by the World Resources Institute (2000), indicating that nearly
40% of the world’s population lived in conditions of water
stress in 1995, which will increase to nearly 50% by 2025. The
World Meteorological Organization (1997) suggests that water
availability will be one of the major challenges facing human
society in the 21st century and the lack of water will be one
of the key factors limiting development. Water is arguably the
world’s most pressing resource issue.
Aside from the issue of quantity, there is the issue of water quality. Table 2 provides a list of the common water pollutants degrading the world’s water supplies and their associated primary sources
as compiled by United Nations Environment Program Global

2025
Population (millions) Percentage of total
1783
25
624
9
1077
15
3494
48
296
4
7274
100

Environment Monitoring System (1995), Shiklomanov (1997),
Taylor and Smith (1997), and Revenga and Mock (2001). In the
developed countries of the world the pollution proﬁle has changed
from fecal and organic pollution associated with untreated human
waste and byproducts of early industries 100 yr ago to current concerns over nonpoint source pollutants such as nutrients, sediments,
and toxics, primarily from urban and agricultural runoﬀ and leaching from agricultural ﬁelds (National Research Council, 1992;
European Environment Agency, 1999; Revenga and Mock, 2001).
In general, pollution law and technologies have been able to control point sources of pollution, like factories and sewage treatment
plants. However, national water quality clean-up programs have
not been able to eﬀectively reduce nonpoint sources of pollution.
In most developing countries, traditional pollution sources such as
sewage and new pollutants such as pesticides combine to degrade
surface and ground water quality. Once water is used, the resultant
impairment of its quality has in the past caused it to be viewed as
wastewater for disposal.
Agricultural drainage water, municipal wastewater, CAFO
wastewater, agricultural and urban runoﬀ, and food processing wastewater represent various types of degraded waters. In
the past these degraded waters have been viewed as a liability
due to the cost of their disposal. Today degraded waters are
increasingly viewed as potential alternative water sources
due to the increased demand on limited high quality water
resources, the increased occurrence of drought, and the increased supply of degraded water. Therefore, the increased
reuse of degraded waters is an inevitable consequence of current trends in demand for and supply of water resources, and
of the need to dispose of increased volumes of degraded water.
To prepare for the expected shift to degraded water reuse
an understanding and assessment of the potential detrimental
environmental impacts and short- and long-term sustainability is needed. To address this issue from an environmental

Table 2. Common pollutants degrading the world’s water supplies and the associated primary source of the pollutant. Sources: UNEP/GEMS
(1995), Shiklomanov (1997), Taylor and Smith (1997), and Revenga and Mock (2001).
Pollutant
Organic matter
Nutrients (e.g., NO3–N, P)
Heavy metals (e.g., Hg, Cd, Zn, Pd, etc.)
Microbial contamination (e.g., cholera, Cryptosporidium, Giardia, etc.)
Toxic organic compounds (e.g., oils, pesticides, industrial chemicals, etc.)
Dissolved salts
Acid precipitation and acidic runoff
Silt and suspended particles
Thermal pollution
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Primary sources
Industrial wastewater and domestic sewage
Runoff from agricultural lands and urban areas
Industries and mining
Domestic sewage, CAFOs, and natural sources
Wide variety of sources including industrial sites, automobiles, farmers, etc.
Leaching from agricultural soils or drawn into coastal aquifers from
overdrafting of ground water
Coal combustion and mining, respectively
Soil erosion and construction activities
Dams and power plants (e.g., cooling towers)
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perspective, the S-11 division sponsored a symposium entitled
“Environmental Impact and Sustainability of Degraded Water
Reuse” that was organized and held at the 2007 ASA-CSSASSSA Meetings in New Orleans, LA, on 6 Nov. 2007.
The Degraded Water Reuse Symposium consisted of invited
review and original research papers that dealt with the environmental impact and sustainability of all types of degraded water
reuse. Degraded waters that were considered included: agricultural drainage water, municipal wastewater, CAFO wastewater,
industrial and food-processing wastewater, and urban and agricultural runoﬀ. Review papers provided an in-depth discussion
of the source, composition, current regulatory framework and
application practices, environmental issues, and reuse considerations associated with these degraded waters. Original research
papers examined speciﬁc topics associated with degraded water
reuse such as the transport, biogeochemical interactions, and fate
of speciﬁc degraded water contaminants in the environment; the
impact of degraded waters on crop production, soil quality, and/
or water resources; the sustainability of existing degrade water
reuse strategies; and alternative treatment approaches and best
management practices for degraded water reuse.
The symposium objectives were: (i) to review what is currently known about degraded water reuse and its impacts on
the environment, (ii) to evaluate the sustainability of degraded
water reuse under diﬀerent management practices, and (iii) to
present current research that helps to ﬁll gaps in our knowledge and understanding of the environmental impacts of
degraded water reuse. The objective of this introductory paper
is to provide justiﬁcation for conducting research on degraded
water reuse, to give an overview of the papers that were presented in the Degraded Water Reuse Symposium, and to
identify critical gaps in knowledge and research that is needed
on degraded water reuse.

Degraded Water Reuse Paper Summaries
A review of degraded water reuse is presented by
O’Connor et al. (2008), which describes various types of
degraded water (e.g., irrigation return ﬂows, municipal wastewater, CAFO eﬄuents, stormwater runoﬀ [i.e., urban runoﬀ],
food-processing eﬄuents, domestic graywater, and industrial
processing waters), reuse options, and limitations and restrictions to their use. This review serves as an overarching introduction to the special collection of papers.

Agricultural Drainage Water and Water from Coalbed
Natural Gas Production
Previous reviews of drainage water reuse have been published that presented the principles of drainage water reuse and
disposal along with reuse criteria (Westcot, 1988); examples
of reuse practices in Egypt, India, and USA (Willardson et al.,
1997); and a summary of the California experience focusing on
salinity, sodicity, B, Mo, and Se impacts (Grattan et al., 1999;
Oster and Grattan, 2002). As a supplement rather than a reiteration of material in these previous reviews, Dudley et al. (2008)
provide a review of drainage water reuse focusing on recent

literature that contributes to the understanding of physical and
biological constraints to drainage water reuse.
Drainage water from irrigated agricultural ﬁelds and well
water from coalbed natural gas (CBNG) production are similar in that they are generally both high in salinity and sodium.
The quality of drainage and CBNG waters varies with the soil
and coal depositional environments, respectively. The primary
concern over drainage water reuse and land application of
CBNG water is how to manage the salt and sodium to minimize adverse eﬀects on plant growth. Furthermore, high sodium levels will reduce the surface inﬁltration rate and lower the
Darcy ﬂux as a result of the increase in the sodium adsorption
ratio (SAR). Trace elements (e.g., Fe, Mn, and B in CBNG
water, and Se, Mo, and B in drainage water) can also be constituents of concern in both CBNG and drainage water.
Corwin et al. (2008) provide a short-term (i.e., 5 yr) evaluation of the sustainability of the reuse of drainage water on a
marginally productive saline-sodic soil used to grow forage (i.e.,
bermudagrass, [Cynodon dactylon (L.) Pers.]). Their ﬁndings
show the beneﬁcial spatiotemporal impacts of reusing drainage
water on the less desirable saline-sodic soils of the west side of
the San Joaquin Valley. In particular, four soil properties were
closely monitored (salinity, SAR, Mo, and Se) and found to
decrease over time, thereby supporting the short-term sustainability of drainage water reuse and the viability of drainage
water reuse as a means of reclaiming marginally productive
saline-sodic soils. Aside from the issue of short-term sustainability, the study demonstrated the use of a set of protocols to
evaluate sustainability from a spatiotemporal perspective. These
protocols account for spatial heterogeneity in the evaluation
of management-induced spatiotemporal changes that occur
with degraded water reuse, and provide a basis from which sitespeciﬁc management decisions can be made.
Whereas the drainage water reused by Corwin et al. (2008)
never reached levels above 16.2 dS m−1, hyper-saline drainage
waters that ranged from 18 to 49 dS m−1 were used by Grattan
et al. (2008) for irrigating pickleweed (Salicornia bigelovii Torr.).
Salicornia that was irrigated with the hyper-saline drainage
water found at locations in California’s San Joaquin Valley grew
well over the entire range of salinities and the drainage volumes were substantially reduced. Both studies by Corwin et al.
(2008) and Grattan et al. (2008) indicate that drainage water is
a viable alternative water resource when managed properly and
that drainage water reuse provides a means of reducing volumes
of drainage water, which are currently disposed in evaporation
ponds that take land out of production.
In a novel study by Suarez et al. (2008), it was pointed out
that SAR and salinity criteria for water suitability for irrigation
are based on conditions where irrigation water is the only water
source. These criteria may not be applicable to geographic areas
where there is a combination of rain and irrigation water during
the growing season. This work has particular relevance to reuse
of water from CBNG production, which occurs in areas of the
USA where rainfall can be a signiﬁcant water source. This study
suggests the need to expand our knowledge of water suitability
for irrigation that goes beyond the traditional understanding.
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The multi-year land application of saline-sodic waters from
CBNG wells was shown by Ganjegunte et al. (2008) and
Vance et al. (2008) to produce consistent trends of increased
soil EC, SAR, and ESP values. Ganjegunte et al. (2008)
provide an evaluation of the eﬀects of land application with
CBNG water on soil chemical properties, showing that applications of CBNG water signiﬁcantly increased soil EC, SAR,
and exchangeable sodium percentage (ESP) values up to 21,
74, and 24 times, respectively. The study suggests that current
management strategies and practices designed to mitigate soil
Na+ and soluble salt concentrations by leaching have not prevented signiﬁcant negative impacts on soil properties. Vance
et al. (2008) show that increases in EC, SAR, and ESP from
the application of CBNG waters reduce surface inﬁltration
rates and lower Darcy ﬂux rates to a depth of 120 cm. However, applications of saline-sodic CBNG water signiﬁcantly
increased native perennial grass biomass production and cover
on irrigated as compared to non-irrigated sites. Overall species evenness decreased. Biological eﬀects were variable and
complex, reﬂecting site-speciﬁc conditions, and water and soil
management strategies.

Municipal Wastewater and Biosolids
Municipal water is collected in sanitary sewer systems and
is treated in sewage treatments plants. The treatment process
generates reclaimed municipal wastewater and biosolids. Class
B biosolids are usually generated from mesophilic anaerobic
digestion and commonly contain 5 to 20% solids. This special
collection contains papers dealing with the reuse of reclaimed
municipal wastewater and Class B biosolids.
Chen et al. (2008) examine the inﬂuence of long-term irrigation with reclaimed municipal wastewater at ﬁve sites in
southern California on soil enzymes that are responsible for
the biogeochemical cycling of nutrients (C, N, P, and S). The
overall activities of enzymes involved in nutrient cycling were
enhanced by an average of 2.2- to 3.1-fold at the reclaimed
water application sites compared to their controls, indicating
a beneﬁcial eﬀect on the soil microbial community.
Pepper et al. (2008) review the sustainability of land application of Class B biosolids with regard to microbial and chemical
properties of soil, and the transport and fate of biological and
chemical hazards. These authors reported that pathogens in
biosolids possess a low transport potential in ground water and
aerosols, and therefore a low risk to human health. Long-term
land application of Class B biosolids was found to increase
soil macronutrients, but did not adversely inﬂuence soil metal
concentrations, soil salinity, or the soil microbial community.
Based on these ﬁndings, the authors concluded that long-term
land application of Class B biosolids was sustainable for their
particular experimental conditions.

CAFO Wastewater
Wastewater from CAFOs are typically collected and stored
in lagoons before land application. This lagoon water commonly receives little or no treatment before land application
and may therefore pose a risk to the environment as a result
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of excess amounts of nutrients, organics, heavy metals, salts,
pathogenic microorganisms, hormones, and antibiotics.
Bradford et al. (2008) review the current level of understanding of the environmental impact and sustainability of CAFO
wastewater reuse from the perspective of the nutrient management plan (NMP) regulatory framework. The source, composition, and environmental issues associated with CAFO lagoon
water were illustrated and discussed. Contaminant transport
pathways and loading rates at NMP sites were summarized, and
weaknesses in NMP design were identiﬁed. Potential management and treatment options for CAFO lagoon water were reviewed that may be used to achieve environmentally acceptable
risks and economically viable solutions for CAFO operators.
Read et al. (2008) discuss results from ﬁeld research that
studied the inﬂuence of swine eﬄuent application timing and
rate on bermudagrass [Cynodon dactylon (L.) Pers.] nitrogen
use eﬃciency (NUE) and residual soil nitrate. The NUE of
bermudagrass was low in August and September, and therefore excess N in the soil increased the risk to surface and
ground water quality. Increasing the eﬄuent application rate
increased the NUE, but also increased the soil nitrate levels
(especially in dry years with decreased biomass).
Watanabi et al. (2008) report on an investigation of the
potential for monensin, a commonly used ionophore antibiotic, to move from two dairy farms in California to the
surrounding ground water. Monensin was detected in all of
the CAFO wastewater samples and in some of the ground
water samples underneath the dairy, but not in ground water
samples from adjacent ﬁelds that received manure. Concentrations of monensin in wastewater and ground water rapidly
decreased with transport distance, suggesting that signiﬁcant
attenuation occurs in wastewater and in the subsurface.
Vanotti and Szogi (2008) developed and demonstrated a
new treatment system for CAFO wastewater on a full-scale
swine farm in North Carolina. The treatment system combined
liquid-solids separation with N and phosphorus (P) removal
processes that removed greater than 95% of the total suspended
solids, biochemical oxygen demand (BOD), total Kjeldahl N,
ammonium, total P, zinc, and copper from the eﬄuent. The
quality of the lagoon water rapidly improved as treated, aerobic
eﬄuent replaced the originally anaerobic water.
Eigenberg et al. (2008) conducted a study to determine if
methods developed for the inventorying of soil salinity can be
used to track the ﬂow of saline feedlot runoﬀ in a vegetative
treatment area. This approach involved the use of a combination of geo-referenced soil conductivity maps that were
obtained from electromagnetic induction equipment, directed
soil sampling and measurement of chloride concentrations,
and regression modeling. Results indicated that this approach
provided a cost-eﬀective tool to observe and manage liquid
ﬂow in a vegetative treatment area.

Urban Runoff
Urban stormwaters have become a potentially viable alternative water resource due to greater demand on limited
surface and ground water supplies and increased growth of
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urban areas, which have increased urban runoﬀ. Fletcher et al.
(2008) review the literature for harvesting of stormwater runoﬀ by exploring its rationale, discussing advances and trends,
assessing the performance of stormwater runoﬀ harvesting
systems, and identifying impediments to the adoption of
stormwater runoﬀ as an alternative water resource.

Food Processing Wastewater
California’s Central Valley contains over 640 food-processing plants (e.g., tomato canning, meat packing and rendering,
grape and wine production, dairy processing, etc.), which
utilize over 7.9 × 107 m3 yr−1 of water, resulting in wastewater
that is typically high in organic carbon (OC), N, and salts
(CLFP, 2007). Roughly 80% of the food-processing plants
discharge their wastewater and many use land application as
the method of disposal, resulting in loads of OC, N, and salts.
The main concerns with land application of this wastewater
are associated with increased loads of salinity and nitrate, and
to a lesser degree ammonia (NH3), Fe, Mn, SO4, and BOD.
Miller et al. (2008) used the multi-component reactive ﬂow
and transport model MIN3P (Mayer et al., 2002) to simulate
movement of various chemical constituents, particularly labile
OC, salinity, and N, found in land application of food-processing wastewater for the California Central Valley. Their objective
was to evaluate the transport and attenuation of these waste
constituents within the vadose zone, and to provide estimates
of OC, salinity, and N loads in the Central Valley. Their challenge rested in high levels of variability in both the waste stream
from the various food processing industries and the disposal site
characterization. This challenge was straightforwardly addressed
by bracketing the range of possibilities. The simulation results
showed that when site and ﬂow conditions were optimal, natural attenuation was able to remove most of the N and a signiﬁcant portion of the applied plant nutrients. As such, numerical
modeling is a potentially useful management tool for establishing the optimal conditions to enhance attenuation and minimize food-processing waste impacts on ground water, providing
assistance in careful site selection, strict ﬂow-rate controls, and
alterations to the character of the wastewater.

Gaps in Our Knowledge and Future
Research Direction
Each paper within this special collection of papers indicates
areas where gaps exist in our current knowledge and understanding of the environmental impacts and sustainability of
degraded water reuse. For example, little ﬁeld documentation
currently exists on the long-term sustainability of degraded
water reuse and the migration and fate of all relevant environmental contaminants. There have been some reuse studies
for drainage water (Goyal et al., 1999; Corwin et al., 2008),
CAFO wastewater (Evans et al., 1984; Burns et al., 1985; King
et al., 1985), and food-processing wastewater (Kroyer, 1995;
Wersin et al., 2001; Zvomuya et al., 2005; Johns and Bauder,
2007) that have looked at sustainability and fate of particular
contaminants, but over limited time periods of under a decade

and generally of 1 to 2 yr. The reuse of municipal wastewater
is the most widely studied degraded water, with monitoring
studies conducted under real-world conditions over extended
time periods of a decade or longer (e.g., Schmidt et al., 1975;
Chakrabarti, 1995; Kivaisi, 2001; Lubello et al., 2004; Bixio et
al., 2006; Chen et al., 2008). Even so, the impacts of degraded
water reuse on sites for half a century or more are not available
and it is unlikely that research will ﬁll this gap in knowledge
due to the short-term funding cycle for most research. Ostensibly, the viability of long-term degraded water reuse will depend
on the ability to extrapolate beyond our knowledge and to be
able to utilize concepts developed for the management and
sustained use of poor quality waters on agricultural lands and
municipal wastewater reuse, both of which have long histories
of land application. However, many of the early monitoring
municipal wastewater reuse studies did not consider emerging
environmental contaminants, such as endocrine disruptors and
pharmaceutical chemicals, which have only recently come to
the attention of the scientiﬁc community. This makes an extrapolation problematic and fraught with uncertainty.
To most eﬃciently manage degraded water reuse with the
least detrimental environmental impact, it will be necessary to
account for the spatial variability of sites where degraded waters
are applied. This will make the site-speciﬁc management of
degraded water reuse possible, which will optimize the reuse
of degraded waters and minimize detrimental impacts. To accomplish this will likely require the use of advanced information technologies (i.e., geographic information system, global
positioning system, satellite imagery, non-invasive remote sensing such as electromagnetic induction and ground penetrating
radar, pedotransfer functions, classical and spatial statistics,
model- and design-based sampling, hierarchical organization
theory, and scaling theory) that have been developed for precision agriculture applications (Corwin and Lesch, 2003, 2005a,
2005b; Jaynes et al., 2005; Kitchen et al., 2005; Lesch et al.,
2005) and for characterizing spatial variability (Corwin, 2005;
Sudduth et al., 2005; Triantaﬁlis and Lesch, 2005; Wraith et al.,
2005). Corwin et al. (2006b) have successfully demonstrated
the use of geospatial measurements of apparent soil electrical
conductivity (ECa) to direct soil sampling as a means of assessing spatiotemporal impacts of management-induced changes.
This ECa–directed sampling methodology is applicable to the
evaluation of sustainability of degraded water reuse (Corwin
et al., 2008). However, from an applied research perspective,
future research is needed that will not only look at long-term
environmental impacts of degraded water reuse, but will look
at the impacts of site-speciﬁc management of degraded water
reuse to better evaluate the true potential of degraded waters
as a viable alternative water resource. The need for site-speciﬁc
management of degraded water reuse is reaﬃrmed by the work
of Vance et al. (2008) and Ganjegunte et al. (2008), which
stress the need for alternative site-speciﬁc management practices
and monitoring to prevent development of extremely diﬃcult
saline-sodic conditions for land applications of CBNG waters.
The results of Suarez et al. (2008) point out that caution
must be taken in the use of traditional criteria for salinity and
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SAR for irrigation water quality in areas where there is a combination of rain and irrigation during the growing season. Adjusted water quality criteria may need to be developed for these
areas, which take into account the signiﬁcance of rainfall.
Bradford et al. (2008) indicate that the current regulatory
framework for CAFO wastewater application is based on
NMPs, and implicitly assumes that other contaminants (e.g.,
salts, heavy metals, pathogens, hormones, and antibiotics)
are retained, inactivated, or degraded in the root zone. Other
potential problems and weaknesses associated with the implementation of NMPs were identiﬁed and include: diﬀerences
in the nutrient composition of lagoon water and the nutrient
uptake rates by plants, accurate estimation and delivery of water to meet plant water demands, and preferential ﬂow and/or
facilitated transport of lagoon water contaminants. Additional
research is needed to validate all of these assumptions and to
overcome these weaknesses.
Fletcher et al. (2008) point out that implementation of
stormwater harvesting systems is currently impeded by the
lack of data assessing reliability and risk, lifecycle costs, externalities, and water energy tradeoﬀs, as well as by the challenges of developing stormwater technologies that can retroﬁt into
the existing infrastructure. Furthermore, limited data exist
on the environmental beneﬁts of urban runoﬀ reuse resulting
from reductions in pollutant loads and ﬂow peaks.
Although Miller et al. (2008) showed considerable resourcefulness in their modeling eﬀort, the complexities involved revealed the limitations of the MIN3P model. Aside from the need
for further testing, validation, and calibration, the model itself
needs to be modiﬁed to include microbial growth and decay,
and implementation of a more sophisticated model of root water
uptake that includes the eﬀects of salinity on crop and microbial
health to account for reduced nutrient uptake and biodegradation, and increased leaching. The modeling eﬀort scratches the
surface of the overall complexity of the issue of transport and
attenuation, which are overshadowed by the even greater challenges presented by spatial variability of soil physical and chemical properties inﬂuencing transport and attenuation and by scale
issues related to parameterization. Although the challenges of
spatial variability and scale are formidable, there are advanced
information technology approaches that are available to address
these problems (Corwin, 2005; Corwin et al., 2006a).
Even though there is deﬁnite potential for detrimental
environmental impacts from degraded water reuse due to the
presence of a wide variety of organic and inorganic pollutants,
the prognosis for the reuse of degraded waters tends to be favorable from the perspective of impacts on soil. Management of
degraded water reuse within a deﬁned set of guidelines and protocols is the key to its success and sustainability. However, there
is a caveat related to health issues and risk assessment that must
be associated with this favorable prognosis. There is conﬂicting
evidence in the literature related to possible health problems associated with land application of biosolids. Gaskin et al. (2003)
found that long-term (i.e., periods up to 12 yr) land application
of biosolids from a wastewater treatment facility did not reach
toxic levels for metals and that overall forage quality was similar
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to that of commercially fertilized ﬁelds. In contrast, Lewis et
al. (2002) and Khuder et al. (2007) found a correlation of risk
of various health problems with the proximity to farms where
biosolids had been applied. Even though there is a distinction between biosolids and degraded water, there are suﬃcient
similarities to justify additional research on the environmental
transport, fate, and bioaccumulation of contaminants in degraded waters, and their potential health eﬀects on animals and
humans residing near ﬁelds receiving degraded water.

Acknowledgments
The authors acknowledge the sponsorship of the American
Society of Agronomy’s Division S-11 and the co-sponsorship of
S-4 for their assistance and support in bringing the Environmental
Impacts and Sustainability of Degraded Water Reuse Symposium
to the 2007 ASA-CSSA-SSSA Meeting. Speciﬁcally, the authors
are grateful to Dr. Jon Chorover, the Chair of S-11, for his time
and eﬀorts. The authors also thank the contributors to the special
collection of papers for their hard work in presenting papers at
the symposium and preparing manuscripts for publication in the
Journal of Environmental Quality.

References
Bixio, D., C. Thoeye, J. De Koning, D. Joksimovic, D. Savic, T. Wintgens,
and T. Melin. Wastewater reuse in Europe. 2006. Desalination
187:89–101.
Bradford, S.A., E. Segal, W. Zheng, O. Wang, and S.R. Hutchins. 2008.
Reuse of concentrated animal feeding operation wastewater on
agricultural lands. J. Environ. Qual. 37:S-97–S-115.
Burke, E.J., S.J. Brown, and N. Christidis. 2006. Modelling the recent
evolution of global drought and projections for the 21st century with
the Hadley Centre climate model. J. Hydrometeorol. 7:1113–1115.
Burns, J.C., P.W. Westerman, L.D. King, G.A. Cummings, M.R. Overcash, and
L. Goode. 1985. Swine lagoon eﬄuent applied to ‘Coastal’ Bermudagrass:
I. Forage yield, quality, and element removal. J. Environ. Qual. 14:9–14.
California League of Food Processing. 2007. Manual of good practice for
land application of food processing/rinse water. CLFP, Davis, CA.
Chakrabarti, C. 1995. Residual eﬀects of long-term land application of
domestic wastewater. Environ. Int. 21(3):333–339.
Chen, W., L. Wu, W.T. Frankenberger, Jr., and A.C. Chang. 2008. Soil
enzyme activities of long-term reclaimed wastewater irrigated soils. J.
Environ. Qual. 37:S-36–S-42.
Corwin, D.L. 2005. Geospatial measurements of apparent soil electrical
conductivity for characterizing soil spatial variability. p. 639–672. In J.
Álvarez-Benedi and R. Muñoz-Carpena (ed.) Soil-water-solute process
characterization. CRC Press, Boca Raton, FL.
Corwin, D.L., J. Hopmans, and G.H. de Rooij. 2006a. From ﬁeld- to
landscape-scale vadose zone processes: Scale issues, modeling, and
monitoring. Vadose Zone J. 5:129–139.
Corwin, D.L., and S.M. Lesch. 2003. Application of soil electrical
conductivity to precision agriculture: Theory, principles, and guidelines.
Agron. J. 95(3):455–471.
Corwin, D.L., and S.M. Lesch. 2005a. Apparent soil electrical conductivity
measurements in agriculture. Comput. Electron. Agric. 46(1–3):11–43.
Corwin, D.L., and S.M. Lesch. 2005b. Characterizing soil spatial variability
with apparent soil electrical conductivity: I. Survey protocols. Comput.
Electron. Agric. 46(1–3):103–134.
Corwin, D.L., S.M. Lesch, J.D. Oster, and S.R. Kaﬀka. 2006b. Monitoring
management-induced spatio-temporal changes in soil quality with soil
sampling directed by apparent soil electrical conductivity. Geoderma
131:369–387.
Corwin, D.L., S.M. Lesch, J.D. Oster, and S.R. Kaﬀka. 2008. Short-term
sustainability of drainage water reuse: Spatio-temporal impacts on soil
chemical properties. J. Environ. Qual. 37:S-8–S-24.
Dudley, L.M., A. Ben-Gal, and N. Lazarovitch. 2008. Drainage water reuse:

Journal of Environmental Quality • Volume 37 • September–October [Supplement] 2008

Biological, physical, and technological considerations for system
management. J. Environ. Qual. 37:S-25–S-35.
Eigenberg, R.A., S.M. Lesch, B. Woodbury, and J.A. Nienaber. 2008.
Geospatial methods for monitoring a vegetative treatment area receiving
beef feedlot runoﬀ. J. Environ. Qual. 37:S-68–S-77.
European Environment Agency. 1999. Environment in the European Union
at the turn of the century. Environmental Assessment Report No. 2.
European Environment Agency, Copenhagen, Denmark.
Evans, R.O., P.W. Westerman, and M.R. Overcash. 1984. Subsurface
drainage water quality from land application of swine lagoon eﬄuent.
Trans. ASAE 27:473–480.
Fletcher, T.D., A. Delectic, V.G. Mitchell, and B.E. Hatt. 2008. Reuse of
urban runoﬀ in Australia– A review of recent advances and remaining
challenges. J. Environ. Qual. 37:S-116–S-127.
Ganjegunte, G.K., L.A. King, and G.F. Vance. 2008. Land application
with saline-sodic coalbed natural gas water: Cumulative eﬀects on soil
chemical properties. J. Environ. Qual. 37:S-128–S-138.
Gaskin, J.W., R.B. Brobst, W.P. Miller, and E.W. Tollner. 2003. Longterm biosolids application eﬀects on metal concentrations in soil
bermudagrass forage. J. Environ. Qual. 32:146–152.
Goyal, S.S., S.K. Sharma, D.W. Rains, and A. Läuchli. 1999. Long-term reuse of
drainage waters of varying salinities for crop irrigation in a cotton-saﬄower
rotation system in the San Joaquin Valley of California: A nine year study:
I. Cotton (Gossypium hirsutum L.). J. Crop Prod. 2(2):181–213.
Grattan, S.R., C. Amrhein, V. Cervinka, D. Davis, M. Dunne, S. Kaﬀka,
F. Karajeh, K. Knapp, D. Munk, J. Oster, and W. Shannon. 1999.
Drainage reuse. San Joaquin Valley Drainage Implementation Program,
Dep. Water Resour., Sacramento, CA.
Grattan, S.R., S.E. Benes, D.W. Peters, and F. Diaz. 2008. Feasibility of
irrigating pickleweed (Salicornia bigelovii. Torr) with hyper-saline
drainage water. J. Environ. Qual. 37:S-149–S-156.
Jaynes, D.B., T.S. Colvin, and T.C. Kaspar. 2005. Identifying potential
soybean management zones from multi-year yield data. Comput.
Electron. Agric. 46(1–3):309–327.
Johns, M.M., and J.W. Bauder. 2007. Root zone leachate from high
chemical oxygen demand cannery water irrigation. Soil Sci. Soc. Am. J.
71:1893–1901.
Khuder, S., S.A. Milz, M. Bisesi, R. Vincent, W. McNulty, and K. Czajkowski.
2007. Health survey of residents living near farm ﬁelds permitted to
receive biosolids. Arch. Environ. Occup. Health 62(1):5–11.
King, L.D., P.W. Westerman, G.A. Cummings, M.R. Overcash, and J.C.
Burns. 1985. Swine lagoon eﬄuent applied to ‘Coastal’ Bermudagrass:
II. Eﬀects on soil. J. Environ. Qual. 14:14–21.
Kitchen, N.R., K.A. Sudduth, D.B. Myerws, S.T. Drummond, and S.Y.
Hong. 2005. Delineating productivity zones on claypan soil ﬁelds
using apparent soil electrical conductivity. Comput. Electron. Agric.
46(1–3):285–308.
Kivaisi, A.K. 2001. The potential for constructed wetlands for wastewater
treatment and reuse in developing countries: A review. Ecol. Eng.
16:545–560.
Kroyer, G.T. 1995. Impact of food processing on the environment– An
overview. Lebensm. Wiss. Technol. 28:547–552.
Lesch, S.M., D.L. Corwin, and D.A. Robinson. 2005. Apparent soil electrical
conductivity mapping as an agricultural management tool in arid zone
soils. Comput. Electron. Agric. 46(1–3):351–378.
Lewis, D.L., D.K. Gattie, M.E. Novak, S. Sanchez, and C. Pumphrey. 2002.
Interactions of pathogens and irritant chemicals in land-applied sewage
sludges (biosolids). BMC Public Health 2:11–18.
Lubello, C., R. Gori, F.P. Nicese, and F. Ferrini. 2004. Municipal-treated
wastewater reuse for plant nurseries irrigation. Water Res. 38:2939–2947.
Mayer, K.U., E.O. Frind, and D.W. Blowes. 2002. Multicomponent
reactive transport modeling in variably saturated porous media using
a generalized formulation for kinetically controlled reactions. Water
Resour. Res. 38:1174–1195.
Miller, G.R., Y. Rubin, and K.U. Mayer. 2008. Modeling vadose zone
processes during land application of food-processing wastewater in

California’s Central Valley. 2008. J. Environ. Qual. 37:S-45–S-57.
National Research Council. 1992. Restoration of aquatic ecosystems.
National Academy Press, Washington, DC.
O’Connor, G.A., H.A. Elliott, and R.K. Bastian. 2008. Degraded water
reuse: An overview. J. Environ. Qual. 37:S-157–S-168.
Oster, J.D., and S.R. Grattan. 2002. Drainage water reuse. Irrig. Drain. Syst.
16:297–310.
Pepper, I.L., H. Zerzghi, J.P. Brooks, and C.P. Gerba. 2008. Sustainability of
land-application of Class B biosolids. J. Environ. Qual. 37:S-58–S-67.
Read, J.J., G.E. Brink, A. Adeli, and S.L. McGowen. 2008. Swine eﬄuent
application timing and rate eﬀect nitrogen use eﬃciency in common
bermudagrass. J. Environ. Qual. 37:S-180–S-189.
Revenga, C., and G. Mock. 2001. Dirty water: Pollution problems persist.
In Earth Trends: Pilot analysis of global ecosystems– Freshwater
systems. World Resources Inst., Washington, DC. Available at http://
earthtrends.wri.org (veriﬁed 1 July 2008).
Schmidt, C.J., I. Kugelman, and E. Clements. 1975. Municipal wastewater
reuse in the US. J. Water Pollut. Control Fed. 47(9):2229–2245.
Shiklomanov, I.A. 1997. Comprehensive assessment of the freshwater
resources of the world: Assessment of water resources and water
availability in the world. World Meteorological Organization and
Stockholm Environment Inst., Stockholm, Sweden.
Suarez, D.L., J.D. Wood, and S.M. Lesch. 2008. Inﬁltration into cropped
soils: Eﬀect of rain and SAR-impacted irrigation water. J. Environ.
Qual. 37:S-169–S-179.
Sudduth, K.A., N.R. Kitchen, W.J. Wiebold, W.D. Batchelor, G.A. Bollero,
D.G. Bullock, D.E. Clay, H.L. Palm, F.J. Pierce, R.T. Schuler, and
K.D. Thelen. 2005. Relating apparent electrical conductivity to soil
properties across the north-central USA. Comput. Electron. Agric.
46(1–3):263–283.
Taylor, R., and I. Smith. 1997. State of New Zealand’s Environment 1997. The
Ministry for the Environment, Wellington, New Zealand. Available at
http://www.mfe.govt.nz/publications/ser/ser1997/ (veriﬁed 8 July 2008).
Triantaﬁlis, J., and S.M. Lesch. 2005. Mapping clay content variation using
electromagnetic induction techniques. Comput. Electron. Agric.
46(1–3):203–237.
United Nations Environment Program Global Environment Monitoring System.
1995. Water quality of world river basins. UNEP, Nairobi, Kenya.
Vance, G.F., L.A. King, and G.K. Ganjegunte. 2008. Soil and plant
responses from land application of saline-sodic waters: Implications of
management. J. Environ. Qual. 37:S-139–S-148.
Vanotti, M.B., and A.A. Szogi. 2008. Water quality improvements of CAFO
wastewater after advanced treatment. J. Environ. Qual. 37:S-86–S-96.
Watanabi, N., T.H. Harter, and B.A. Bergamaschi. 2008. Environmental
occurrence and shallow groundwater detection of the antibiotic
monensin from dairy farms. J. Environ. Qual. 37:S-78–S-85.
Wersin, P., J. Abrecht, and P. Höhener. 2001. Large-scale redox plume in
glacioﬂuvial deposits due to sugar-factory wastes and wastewater at
Aarberg, Switzerland. Hydrogeol. J. 9:282–296.
Westcot, D.W. 1988. Reuse and disposal of higher salinity subsurface
drainage water– A review. Agric. Water Manage. 14:483–511.
Willardson, L.S., D. Boels, and L.K. Smedema. 1997. Reuse of drainage
water from irrigated areas. Irrig. Drain. Syst. 11:215–239.
World Meteorological Organization. 1997. Comprehensive assessment of the
freshwater resources of the world. WMO and Stockholm Environment
Institutes, Stockholm, Sweden.
World Resources Institute. 2000. World resources 2000–2001: People and
ecosystems: The fraying web of life. Oxford Univ. Press, New York.
Wraith, J.M., D.A. Robinson, S.B. Jones, and D.S. Long. 2005. Spatially
characterizing apparent electrical conductivity and water content of
surface soils with time domain reﬂectometry. Comput. Electron. Agric.
46(1–3):239–261.
Zvomuya, F., S.C. Gupta, and C.J. Rosen. 2005. Phosphorus leaching in
sandy outwash soils following potato-processing wastewater application.
J. Environ. Qual. 34:1277–1285.

Corwin & Bradford: Environmental Impacts & Sustainability of Degraded Water Reuse

S-7

