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CHAPTER 1.  INTRODUCTION 

 

Every day, more than 326 million Americans rely on a safe water supply. The majority of the 

public water supply originates primarily from various sources of surface water with a portion that 

touches agricultural land (Maupin et al., 2014).  As stewards of the land, cattlemen and 

cattlewomen play a vital role in not only providing a quality, wholesome supply of beef but also 

contributing to a safe supply of water. Both a high-quality water and beef supply go hand-in-

hand in order to be profitable and are key components of a sustainable beef system. This review 

summarizes available research on the potential impacts of beef production systems on surface 

water quality and the impact of various practices and management strategies to reduce negative 

impacts on water quality. In addition, a national survey was conducted to evaluate the extent of 

adoption of various water quality improvement practices by the beef industry. This document is 

organized into the following sections: a review of the potential effects of grazing beef cattle on 

surface water resources, a review of the potential effects of confined cattle on surface water 

resources, and a national survey on the adoption of water quality improvement practices by beef 

producers. Appendix A lists the extent of participation in USDA NRCS cost-share programs for 

grazing practices that have positive impacts on water quality. 

 

 

Executive summary 

 

Water quality plays a vital role in everyday life as a source of drinking water for people and 

livestock, recreation, and providing a healthy ecosystem. Surface water is an important 

component of these needs and drives regional livestock production practices. Due to their role in 

utilization of pasture and range, cattle are widely dispersed across the landscape of the United 

States in both a grazing and feedlot capacity. Thus, it is clear that maintaining and improving 

water quality is an essential component of sustainable beef production. As such, producers have 

a vested, direct interest in maintaining water quality for both their cattle and the ecosystem.  

The US has over 3.5 million miles of rivers and streams, 41 million acres of lakes, reservoirs, 

and ponds, 87 thousand acres of bays and estuaries, and 58,000 miles of coastal shoreline. The 

US Environmental Protection Agency (EPA) has estimated that 55-77% of these waters are 

threatened or impaired, identifying agriculture as a probable cause of impairment in as much as 

23% of these waters. Sources of impairments related to agriculture include nutrients, specifically 

phosphorus and nitrogen, sediment, and pathogenic bacteria.  

 

As of the latest Census of Agriculture in 2012, 40% of all US land was in agricultural 

production, with beef cattle farming and ranching noted as the largest agricultural production 

sector, accounting for over 600,000 farms. These statistics illustrate the diversity of cattle 

operations across the US, and coupled with the surface water data previously presented, it is 

clear that cattle are often in proximity to surface waters. Of the 915 million acres of farmland 

identified in 2012, 45% was in permanent pasture or rangeland that often is transected or borders 

riparian areas. Feedlots, while not directly in contact with surface waters, provide potential water 

impairments that must be contained through proper management of runoff.  

 

Grasslands are valued for the ability to improve water quality by reducing erosion by as much as 

74% in comparison to cropland. In addition, grasslands also have other ecological benefits 
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including improved water infiltration, sequestration of nutrients and improved soil health. In 

many cases, land use decisions that convert vulnerable lands and soils from cropland to pasture 

or forage production have positive benefits for water quality. However, negative impacts of 

grazing on water quality have been identified through research, most often due to overgrazing or 

extended exposure to riparian areas due to excessive stocking rates or poor cattle distribution.  

 

Sources of water impairments in grazing systems include streambank erosion, sheet and rill 

erosion and gully erosion from riparian and upland regions of pastures, streambed resuspension, 

and direct fecal and urine deposition. Pollution from these sources are often natural processes 

that may be enhanced by excessive exposure to grazing cattle by high stocking densities within 

riparian areas because of pasture size, shape, and slope and distribution of forage, water, and 

shade. However, with proper management, strategies can be implemented to reduce the impact of 

cattle on water quality in grazing systems including implementation of streambank buffers and 

grazing exclosures and altering stocking density to correspond to forage availability. Other 

beneficial management practices include the use of rotational and controlled grazing systems as 

well as strategic placement of supplemental feed or mineral sources and off-stream watering 

systems to allow for more uniform cattle grazing distribution. Because nonpoint source pollution 

of surface waters is influenced by soil characteristics, topography, vegetation, climate, and 

wildlife, the efficacy of practices to reduce sediment, nutrient, and pathogen loading of surface 

water sources will be site-specific even within nearby regions.  

 

In confined beef systems, the potential sources of water quality impairment relate to direct runoff 

of water from the surfaces of feedlots into streams or other surface waters as well as the storage, 

management and distribution of solid manure. Potential pollutant sources from confined cattle 

feeding operations include feedlot runoff from production areas exposed to precipitation events 

including outdoor pens, manure stacking areas, and feedstuff storages, but also include runoff 

from manured fields. 

 

In all confinement animal feeding systems proper management of rainfall onto the production 

facility is critical for protection of surface waters. Practices implemented by cattle producers 

include feed storage under roof, providing cattle housing under roof, and implementation of 

water diversions, berms, and gutters on the production buildings to help direct clean water 

around critical production areas and away from potential sources of contamination. In some 

cases, it is not possible to eliminate all potential contact between rainfall and rainwater induced 

runoff and nutrient sources (manure and feedstuffs), and in these cases producers provide control 

and treatment to the runoff water through practices including solid settling, vegetative filtration, 

controlled infiltration, or total collection and irrigation or enhanced treatment of the runoff water 

to reduce or eliminate pollution potential. The method selected is typically dictated by operation 

size, proximity to and sensitivity of surrounding surface waters, and climates and soils of the 

region. 

 

In addition to rainwater induced runoff from the animal feeding operations management of the 

animal manure is critical for both protection of water quality and for farm sustainability. Despite 

improvements in animal nutrition only about 10-30% of the nitrogen and phosphorus they are fed 

is retained in the animal with the rest excreted in the manure. Depending on the type of 

confinement site used and management practices related to manure storage and land application, 
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nutrient concentrations in the manure and its ability to be recycled can vary greatly. In general, 

manure handling systems can be separated into three types for cattle confinements, open lots 

(concrete and earthen lots with or without sheds), deep pit confinement barns, and bedded 

confinement facilities (including hoop barns, mono-slopes, and gabled roof buildings). While the 

amount of nutrients excreted per animal will be similar at all operations the nutrients retained in 

the manure until land application can vary considerably, with nutrient retention generally highest 

in deep pitted barns, followed by bedded confinements, and then open lots. 

 

As a result of the large percentage of nutrients that end up in the manure, nutrient management 

planning is a key component of protecting water quality. Nutrient planning at state and regional 

levels are necessary to ensure adequate crop utilization capacity in an area to utilize manure 

generated and ensure it can be treated as a fertilizer resource. Recent studies have shown that 

most areas still have sufficient land available to recycle manure nutrients effectively. In addition, 

nutrient planning at the farm level is necessary to ensure appropriate application decisions are 

made, with many farms implementing nutrient plans based off nitrogen and phosphorus 

recommendations and soil sampling results. To make the most of these plans farms must 

understand them and take annual soil and manure samples that are used to update application 

strategies, calibrate application equipment to ensure the suggested application is met and to 

ensure uniform manure distribution, and evaluate current soil and weather conditions to 

determine most appropriate application timing. 

 

A national survey of NCBA members was conducted as a component of this review to determine 

the extent of practices implemented at the farm- and ranch-level to improve water quality. The 

completed surveys represented managers of more than 4.39 million animal units and 14 million 

acres of land, and 99.8% of the respondents employ at least one water quality improvement 

practice.  

 

The top water protection practices implemented by graziers were providing water sources away 

from surface water (73% of respondents), providing feed or supplementation sites away from 

surface water (70%) and implementation of a grazing plan or prescribed grazing (67%). For 

feedlots or beef cow operations that confine cattle during portions of the year, the water 

protection practices most frequently indicated were locating temporary feeding areas in locations 

with good erosion control and away from water sources (61%), frequently removing manure 

away from temporary feeding areas (41%) and filtering runoff from pens/manure accumulation 

areas through a permanently vegetated grass buffer area (36%). It should be noted that with few 

exceptions, feedlots large enough to be required to have a National Pollutant Discharge 

Elimination System (NPDES) permit are required to collect all runoff in retention basins. For 

beef cattle operations that also manage cropland, most frequently implemented water quality 

protection practices were soil testing every 4 years (83%), utilization of no-till or minimum till 

farming methods (77%) and use of soil conservation practices such as grass waterways, filter 

strips and terraces as appropriate. Of the respondents to the survey, 99% of beef producers are 

taking steps to protect surface water quality and 56% had taken advantage of government cost 

share or incentives. 

 

Cattle, like all animals excrete nutrients and microorganisms that can be pollutants at significant 

concentrations. Management practices (many of them site specific) exist to protect surface 
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waters from these pollutants in cattle operations. Many of these practices involved maintenance 

of adequate vegetation within pastures and rangeland or around feeding facilities or fields where 

manure is spread. In many cases the nutrients in animal manure are used as a resource for crop 

production, thus reducing the need for the same nutrients from chemical fertilizers. Beef 

producers are aware of practices that improve water quality and are adopting them. Through 

continued education on practices and self-assessment beef cattle producers can sustainably 

produce safe affordable beef while protecting surface water quality.  
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CHAPTER 2.  POTENTIAL EFFECTS OF GRAZING BEEF CATTLE ON SURFACE 

WATER RESOURCES  

 

In its most recent evaluation, US-EPA (2017a) has assessed 32, 44, 100, and 7.7% of the 

3,533,205 miles of rivers and streams, 41,666,049 acres of lakes, reservoirs, and ponds, 87,791 

acres of bays and estuaries, and 58,618 miles of coastal shoreline in the United States. Of the 

assessed water sources, 55.3, 71.3, 51.2, and 77.5% of the miles of rivers and streams, acres of 

lakes, reservoirs, and ponds, acres of bays and estuaries, and miles of coast shoreline were 

assessed as threatened or impaired for the designated uses of each water source. Agriculture was 

identified as the major probable cause for impairments to streams and rivers accounting for 

141,252 miles or 22.6% of the assessed threatened or impaired streams and rivers. In addition, 

agriculture was identified as the probable cause of the impairments on 1,093,457 acres of lakes, 

reservoirs, and ponds (8.2% of assessed as threatened or impaired), 3,751 acres of bays and 

estuaries (0.5% of assessed as threatened or impaired), and 58 miles of coastal shoreline (1.7% of 

assessed as threatened or impaired). Pasture, rangeland, and grazing-related activities by any 

animal species accounted for 41% of the miles of rivers and streams, 23% of the acres of lakes, 

reservoirs, and ponds,18% of the acres of bays and estuaries, and 29% of the miles of coastal 

shoreline threatened or impaired agriculture (US-EPA, 2017b). Impairments to water sources 

that could result from grazing livestock include pathogenic microorganisms, sediment, nutrients 

(phosphorus and nitrogen), and associated factors like oxygen depletion, turbidity, and algae 

growth (Sollenberger et al., 2012). The major impairments of rivers and streams which could be 

associated with grazing livestock were pathogens, sediment, and nutrients accounting for 15.8, 

12.3, and 10.4% of the miles of assessed streams (US-EPA, 2017a). While pathogens and 

sediments are the 12th and 11th most frequent cause of impairments of lakes, reservoirs, and 

ponds; accounting for 3.0 and 3.1% of the assessed acres, nutrients, oxygen 

enrichment/depletion, turbidity, and algae growth are the 2nd, 4th, 5th, and 9th most frequent 

impairments of lakes, reservoirs, and ponds accounting for 21.1, 8.1, 8.1, and 3.8% of the 

assessed acres. 

 

It is generally recognized that grasslands will improve water quality by reducing sheet and rill 

soil erosion by as much as 74% in comparison to cropland (USDA, 2015). In addition, grasslands 

will improve water quality through other ecological benefits including improved water 

infiltration and holding-capacity; resilience against droughts and floods; sequestration of 

nutrients, carbon, and pathogenic microorganisms; improved soil health; and increased diversity 

in the microorganisms and fauna, particularly if grazing is appropriately managed (Hubbard et 

al., 2004; Kemp and Michalk, 2007; Sollenberger et al., 2012). However, negative impacts of 

grazing cattle on surface water resources have been identified in a number of review articles 

(Kauffman and Krueger, 1984; Belsky et al., 1999; Hubbard et al., 2004; Agouridis et al., 2005b) 

and more recent papers (Line, 2003; Vidon et al., 2008, Sunohara et al., 2012). Many of these 

studies have been conducted under conditions which promoted extended exposure of riparian 

areas to excessive stocking intensities through use of high stocking rates for extended periods 

and variable forage distribution or small pasture size. Thus, as stated by Krueger et al. (2000), 

“Except where prolonged heavy grazing occurs, grazing generally does not have a significant 

effect on the sediment and dissolved chemical constituents in surface water. But when grazing 

animals become concentrated near water bodies, or when they have unrestricted long-term access 
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to streams for watering, sediment and nutrient loading can be high and the bacteriological quality 

of surface water can be affected adversely”.  

 

In addition to the level and length of stocking, responses of streams and their surrounding 

riparian zones to grazing are influenced by factors affecting the resilience or susceptibility of 

water sources to damage such as climate (precipitation level, frequency and intensity), landform 

characteristics (soil texture and type, surficial geology, topography, and drainage), biophysical 

characteristics of the watercourse (water flow intensity, stream slope, channel morphology and 

roughness, and riparian vegetation and tree cover; Clark, 1998; Saar, 2002; Juracek and 

Fitzpatrick, 2003) and management factors affecting the timing and intensity of grazing within 

riparian zones including season of grazing, stocking rate and management system, and conditions 

affecting the temporal/spatial distribution of grazing cattle across pastures or rangeland like 

grazing unit size and shape, distribution of vegetation, slope, and the presence and distance of 

off-stream water, shade, and nutritional supplements (Clary and Webster, 1990; Bailey, 2005). 

As a consequence of variation resulting from these sources, replicated studies of the effects of 

grazing on water quality in streams and rivers and their associated riparian zones for an adequate 

length of time are limited (Larsen et al., 1998; Briske et al., 2011). Also, effects of grazing on 

streams and rivers may be superseded or mitigated by natural phenomena such as floods, freeze-

thaw activity, or excretion by other wild or domestic species (Buckhouse et al., 1981; Larsen et 

al., 1998; Bear et al., 2012b).  

 

The considerable temporal/spatial variation in conditions affecting the response of stream water 

quality to grazing animals prohibit quantification of the effects of grazing cattle on water quality 

of surface resources beyond an individual stream. In spite of the limitations of this 

temporal/spatial variation in the conditions affecting the response of stream water quality to 

grazing animals, it is apparent from the literature that the risks of grazing cattle adversely 

affecting water quality may be minimized through the use of management practices that reduce 

the length and intensity of exposure of the water sources to cattle (Clark, 1998). However, 

“responses of watersheds, stream systems, and associated riparian areas are not universal even in 

the eastern USA, and, thus, prescribed grazing practices are not immediately transferable and 

cannot be expected to elicit similar responses for a range of ecosystems” (Sollenberger et al., 

2012). Therefore, while a considerable amount of literature supports its use to improve water 

quality of pasture streams, even the most restrictive management practice, riparian exclosures or 

buffers, will not consistently result in better stream channel morphology or water quality than 

different grazing practices (Lyons et al., 2000; Sovell et al., 2000; Nellesen et al., 2011; Bear et 

al., 2012 b). Alternative management practices that allow grazing while minimizing the risks of 

water pollution need to be considered (Larsen et al., 1998). 

 

Pollutant sources associated with grazing cattle 

 

Pathogens 

As stated above, the presence of excessive concentrations of pathogens is the major impairment 

of rivers and streams in the United States (US-EPA 2017a). The current standard criteria for the 

recreational use of water (126 colony forming units [cfu] Escherichia coli [E. coli]/100 ml) in 

fresh water resources was set in 2012 (US-EPA, 2012). Prior to that, fecal coliforms (200 

cfu/100 ml) was the standard since 1986. While E. coli O157:H7 is a pathogen, other coliform 
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bacteria are not human pathogens. However, the presence of E. coli or other coliforms in water 

are indicators of fecal contamination which may transport pathogenic bacteria like 

Campylobacter jejuni, Salmonella species, Vibrio cholera, and Shigellae species; pathogenic 

protozoa like Cryptosporidiam parvum, and enteric viruses like enteroviruses and adenoviruses 

(Hubbard et al., 2004; Fong and Lipp, 2005). In general, these intestinal pathogens will result 

intestinal diseases characterized by gastroenteritis, hepatitis, skin infections, wound infections, 

conjunctivitis, respiratory infections, and other general infections (Entry et al., 2000). 

Escherichia coli O157:H7 will cause hemorrhagic colitis, hemolytic uremic syndrome, and 

thrombotic thrombocytopenic purpura (Faith et al., 1996). In addition, the presence of fecal 

coliforms may indicate the risk of other pathogens like Listeria, Leptospira, Brucella, Coxiella, 

and Mycoplasma in water sources (Hubbard et al., 2004). 

 

Increased concentrations of fecal coliforms (137 to 180 cfu/100 ml in a grazed pasture stream 

compared to 9 to 47 cfu/100 ml same pasture stream without cattle, Gary et al., 1983; greater 

than 10,000 cfu/100 ml in a pasture stream while cattle were present compared to less than 250 

cfu/100 ml before cattle were placed on pasture; Howell et al., 1995; 360,000 cfu/100 ml in a 

pasture stream prior to establishment of a riparian buffer compared to 32,550 cfu/100 ml after 

establishment of a riparian buffer, Line, 2003; 839 cfu/100 ml in a pasture stream with cattle 

access compared to 541 cfu/100 ml in a pasture stream with a riparian buffer, Sunohara et al., 

2012) or E. coli (1,396 to 69,823 cfu/100 ml in a pasture stream with cattle access compared to 

606 to 1929 cfu/100 ml in the stream above the pasture; Vidon et al., 2008) have been reported in 

streams in pastures which were continuously stocked with cattle. Similarly, Doran et al. (1981) 

found 120 to 1.3 million cfu fecal coliforms/100 ml in rainfall runoff from a grazed pasture 

compared to 0 to 49,000 cfu/100 ml in rainfall runoff from an ungrazed control pasture. Higher 

concentrations of Cryptosporidum oocysts (10.2 oocysts/100 ml) also were found in a pasture 

stream with cattle access compared to 6.7 oocysts/100 ml in a pasture stream with a riparian 

buffer (Sunohara et al., 2012). Some of these projects have been conducted at high stocking rates 

by having high cow numbers and/or small pastures (Doran et al., 1981 [1.4 to 1.75 AUM/ha]; 

Howell et al., 1995 [1.76 to 2.0 cows/ha]; Line, 2003 [3.4 to 10.7 adult dairy cows/ha]; Vidon et 

al., 2007 [6.25 cows/ha]; Sunohara et al., 2012 [2.5 cows/ha]), while some did not have stocking 

rates reported (Howell et al., 1995). However, other studies found no statistical difference in the 

concentrations of fecal coliforms or E. coli in pasture streams in which cattle had access or were 

in ungrazed pastures or riparian buffers (Buckhouse and Gifford, 1976 [0.5 AUM/ha]; Jawson et 

al., 1982 [2.1 to 2.6 cows/ha]; Tiedemann et al., 1988 [stocking rate not given]; Muenz et al., 

2006 [stocking rates not given]; Bear et al., 2010 [0 to 31.7 cow-days/m stream]), implying that 

increases in fecal coliforms or E. coli in precipitation runoff or streams may have, in part, 

resulted from fecal contamination from other sources like other domesticated animals, wildlife, 

or faulty septic systems (Doran et al., 1981; Gary et al., 1983; Tiedemann et al., 1988; Entry et 

al., 2000; Hubbard et al., 2004; Renter et al., 2004; Bear et al., 2010). Such contamination may 

have been responsible for greater net increases in Cryptosporidium and Girardi oocysts from a 

pasture stream with a riparian buffer than in a pasture stream with cattle access (Sunohara et al., 

2012).  

 

While the use of E. coli or fecal coliforms to indicate fecal contamination in a water source is 

valid, the use of these bacteria to identify the source of fecal contamination of a water source is 

invalid as excretion of fecal coliforms is ubiquitous across animal species. A common approach 
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to identify the source of coliform loading of water resources has been to utilize the ratio of fecal 

coliforms to fecal streptococci (Doran et al., 1981; Gary et al., 1983; Tiedemann et al., 1988; 

Entry et al., 2000; Hubbard et al., 2004; Renter et al., 2004). Fecal coliform to fecal streptococci 

ratios that were greater than 4, between 1.2 and 0.08, between 0.04 and 0.08, and less than 0.04 

imply the fecal contamination came from humans, cattle, cattle and wildlife, or wildlife, 

respectively (Geldreich et al., 1976; Tiedemann et al., 1988). However, fecal coliforms and 

streptococci are insufficient indicators of enteric pathogenic bacteria (Carney et al., 1975). 

Furthermore, the risks of infection from enteric viruses is 10 to 1,000 times greater than for 

pathogenic bacteria (Haas et al., 1993). As a result, other fecal organisms have been suggested 

for identification of the source of fecal contamination (Fong and Lipp, 2005). Because it has 

been reported to be endemic in many regions of the world, bovine enteric virus (BEV) has been 

suggested as an indicator of fecal pollution from cattle (Ley et al., 2002). However, BEV was 

excreted by 76, 38, and 33% of the cattle, white-tailed deer, and geese, respectively, grazing the 

same pastures (Ley et al., 2002). Furthermore, BEV was found in only 4.4 to 41.1% of the fecal 

samples from 90 beef cows collected six times over two years (Schwarte et al., 2011). Similarly, 

while the incidence of BEV in water samples from pasture streams (3.9% of samples) was 

weakly related (P = 0.09) to the presence of cattle in the pasture on the day of sampling, 

incidence of the pathogenic viruses (bovine coronavirus or bovine rotavirus) in water samples 

was not related to the presence of cows in pastures over a 3-year period (Bear et al., 2010). 

 

Another problem for both the quantification and management of the risks of pathogens in surface 

waters is the survival of these organisms in the environment. Fecal coliforms can survive in the 

soil over a grazing season and up to 9 months after cattle have been removed from pastures 

(Buckhouse and Giffords, 1976; Tiedemann et al., 1988). Similarly, E. coli may survive in fecal 

pats and soil for 30 to 180 days after excretion depending on soil type, rainfall, ultraviolet 

radiation, temperature, animal diets, in-soil predation, physiological status of the bacteria, and 

strain variability (Avery et al., 2004; McDowell, 2006; McDowell et al., 2006). The pathogenic 

bacteria, E. coli O157:H7 from sheep feces has been found to survive in the soil for a minimum 

of 15 weeks (Ogden et al., 2002). Not only can coliforms survive in the soil on land, but once 

they enter a water source, they can survive there as well. Fecal coliforms survive in stream 

sediments, resulting in the concentrations of fecal coliforms remaining constant or increasing for 

up to 4 weeks after cattle are removed from pastures (Howell et al., 1995). Similarly, E. coli 

O157:H7 can survive in flowing water for up to 27 days (Maule, 2000). Survival of fecal 

coliforms in stream sediment is dependent on sediment particle size, being greater in clay than in 

coarser sediments (Howell et al., 1996). The disturbance of those sediments by cattle wading in 

the water source can increase E. coli concentrations in the water (Stephensen and Rychert, 1982). 

Thus, the responses to implementing any type of management to reduce pathogens in water 

sources will take some time period and will be affected by upstream management. 

 

Schwarte et al. (2011a) concluded that the major factors controlling the risks of pathogen loading 

of pasture streams were the occurrence of pathogen shedding, the temporal/spatial distribution of 

the grazing cattle relative to the pasture stream, and pathogen transport in surface runoff. In a 

Washington state study, E. coli O157:H7 was isolated from 0.7% of the beef cows present on 

16% of the cow herds (Hancock et al., 1994). In a Kansas study, E. coli O157:H7 was found in 

fecal samples from 1.6% of the cows, but was present on 100% of all of the farms (10) and 1.5% 

of the water samples (Sargeant et al., 2000). In a Kansas and Nebraska study, E. coli O157:H7 
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was found in 0.90% of the 9,122 beef cattle fecal samples, 0.24% of the 4,083 water samples, 

and 0.20% (1 opossum) of the 521 wildlife fecal samples collected from range environments 

(Renter et al., 2003). Fecal shedding of E. coli O157:H7 was transient by individual beef cows 

with no seasonal pattern (Sargeant et al., 2000). The transient nature of shedding of E. coli 

O157:H7 was demonstrated by an incidence of 13.3% shedding from 90 grazing beef cows 

followed by no shedding by these cows in the subsequent two years (Schwarte et al., 2011a). 

However, an increased incidence of E. coli O157:H7 shedding by dairy cattle has been observed 

in the summer (Hancock et al., 1997). Renter et al. (2004) found the incidence of shedding E. 

coli O157:H7 in 6,672 fecal samples from beef cows, bulls, heifers and suckling calves (0.5%) 

was 4 times less than in 584 samples from weaned beef calves and yearlings (2.1%) implying 

that the management of weaned calves and yearlings to limit access to streams is particularly 

needed. Young calves have also been shown to more frequently shed Cryptosporidium parvum 

oocysts than mature cattle (Hubbard et al., 2004). The incidences of shedding of bovine rotavirus 

and bovine coronavirus in mature cows have been reported to be 44 and 5% in a Saskatchewan 

study (Crouch and Acres, 1984) but were 0 and 0.2% in an Iowa study (Schwarte et al., 2011a).  

 

If cattle are shedding pathogens, then the risk of pathogens entering water resources may be 

controlled by manipulating the temporal/spatial distribution of the cattle within the pasture to 

minimize the time that the cattle are near the pasture stream. The risks of pathogen loading of 

water sources are reduced when feces are deposited at least 2.5 m from the water source (Larsen 

et al., 1994). Natural stream characteristics such as depth and flow that affect accessibility to 

cattle will affect the risks of stream loading with fecal coliforms (Tiedemann et al., 1988). Also, 

management practices that affect cow distribution will affect the risk of pathogen loading. 

Removal of forest with subsequent fertilization and seeding of meadows with an increase in the 

stocking rate by 2.7 to 3.2 times drew cattle near pasture streams increasing concentration of 

fecal coliforms to 92 cfu/100 ml in comparison to fecal coliform concentrations that were less 

than 10 cfu/100 ml in watersheds that were ungrazed or grazed with off-stream water tanks 

(Tiedemann et al., 1988). In contrast, providing use of an off-stream water source, a common 

technique to alter cow distribution, reduced average fecal coliform concentrations by 57 to 99% 

in streams in Southwest Virginia compared to values of approximately 1000 to 5000 cfu/100 ml 

prior to installation of the waterers (Sheffield et al., 1997). The efficacy of different management 

practices to alter cow distribution and its effect on water quality will be further discussed in a 

later section. However, it can be concluded that models that consider factors affecting the 

temporal/spatial distribution of grazing cattle (such as pasture size and shape, shade distribution, 

and temperature and humidity) will more accurately estimate the risks of pathogen loading than 

current subjective estimations (Brown et al., 2014). 

 

Transport of pathogenic viruses present in feces deposited on land near streams may be reduced 

by the presence of adequate vegetation to increase infiltration and filter the pathogens (Schwarte 

et al. 2011a). Vegetative filter strips reduced fecal coliform concentrations by 100 to 1000 orders 

of magnitude (Entry et al., 2000) by increasing mortality of bacteria through exposure to climate 

and predation (Line, 2003). Similarly, only 100.2 Cryptosporidim parvum oocysts were 

transported 1 m over vegetated soil in comparison to 104.5 oocysts that were transported over 

bare soil (Davies et al., 2004). Thus, vegetated riparian buffers greater than 3 m will reduce 

99.9% of the Cryptosporidium parvum oocysts (Atwill et al., 2002). However, similar reductions 

in transport of indicator microorganisms can be attained through practices like rotational grazing 
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that maintain vegetation adjacent to streams (Sovell et al., 2000 [a 19 to 88% decrease in the 

concentration of fecal coliforms in streams]; Schwarte et al., 2011a [a 100% decrease in BEV 

transport in runoff from rainfall simulations]). The efficacy of vegetation to prevent pathogen 

loading will depend on soil texture, slope, vegetation status, and the rainfall intensity and 

duration (Atwill et al., 2002; Davies et al., 2004). 

 

Sediment 

Sediment is the 2nd most common impairment of rivers and streams and the 11th most common 

impairment of reservoirs, lakes and ponds in the US (US-EPA, 2017a). While some amount of 

sediment loading or erosion is a natural process, it becomes a problem when it exceeds natural 

levels and interferes with the designated uses of water resources (Blackburn et al., 1978). 

Sediment serves as a vector for transport of phosphorus to water sources (Daniel et al., 1994) 

leading to eutrophication of these water sources. Once in surface water resources, sediment acts 

as a repository for phosphorus (Kovar et al., 2016) and pathogens (Howell et al., 1996) which 

may be released when sediments are disturbed. In addition, sediment loading increases siltation 

of waterways clogging navigation channels and increasing water treatment costs from rivers and 

lakes; increases turbidity, thereby, interfering with photosynthesis and respiration of aquatic 

plants; and damages fish populations both directly by clogging gills and indirectly by destroying 

spawning habitat and the invertebrates on which they feed (Haan, 2005). 

 

Increased concentration of total suspended solids (a measure of sediment loading) in streams in 

pastures grazed by continuous stocking have been reported by Line (2003; 109 mg/L in a pasture 

stream prior to establishment of a riparian buffer compared to 13.8 mg/L after establishment of a 

riparian buffer), Muenz et al. (2006; 2.98 to 5.9 mg/L in unbuffered streams compared to 0.77 to 

0.81 mg/L in streams with riparian buffers), and Vidon et al. (2008; 96 mg/L in a pasture stream 

with cattle access compared to 24 mg/L in the stream above the pasture). Similarly, greater 

streambed sediment has been observed in pasture streams that were grazed by continuous 

stocking (9.5 to 157 cm) than in pasture streams that were not grazed (5.8 to 21.0 cm; Magner et 

al., 2008). Similar to the effects of grazing on pathogen loading, some studies evaluating the 

grazing cattle on total suspended solids in streams have been conducted at excessive stocking 

rates as a result of high animal numbers and/or small pastures (Line, 2003 [3.4 to 10.1 adult dairy 

cows/ha], Vidon et al., 2007 [6.25 cows/ha]) or the stocking rates weren’t reported (Muenz et al., 

2008). However, the stocking rates in the Magner et al. (2008) study ranged from 0.16 to 1.1 

animal units [AU]/ha.  

 

Sedimentation of surface water sources may be the result of streambank erosion, gully erosion, 

and sheet and rill erosion in precipitation runoff (Krueger et al., 2002) which have more 

commonly been used to indirectly measure sediment loading of water sources by grazing cattle 

through changes in stream morphology or transport in runoff from natural or simulated 

precipitation. However, each of the different types of erosion are affected by different natural 

and anthropogenic mechanisms, to be discussed in the subsequent section, making quantification 

of the effects of grazing livestock difficult to separate from natural causes (McInnis and McIver, 

2001). Similarly, the mixture of natural and anthropogenic factors affecting sediment loading 

makes quantification of the effects of management changes on sediment loading challenging. 

However, median base flow loads of total suspended solids decreased by 64 to 95% when water 

troughs were present to reduce the period of time cattle were near streams in Georgia (Byers et 
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al., 2005). Short duration grazing (3 to 90 days/year) also reduced streambed sediment depth by 

80% compared to continuous grazing (280 days/year) in Minnesota (Magner et al., 2008). 

 

Phosphorus 

Nutrients that stimulate algae growth, primarily phosphorus (P) and nitrogen (N), are the 3rd most 

frequent impairment of rivers and streams and the 2nd most frequent impairment of lakes, 

reservoirs, and ponds (US-EPA, 2017a). While national water criteria for phosphorus have not 

been set to date, 0.1 ppm (100 ug/L) has been the goal to prevent excessive plant growth in 

stream (USGS, 2017). However, because of the large number of variables associated with 

phosphorus concentrations and goals, US-EPA is allowing each state to set its nutrient criteria 

with four states currently having complete criteria depending on location and use of the water 

body. For example, in Minnesota, phosphorus goals range from 12 to 90 ug/L in lakes and 

reservoirs and 50 to 150 ug/L in streams, depending on location and stream type. 

 

As algae in fresh water systems obtain adequate nitrogen for growth from N fixation from 

terrestrial or aquatic sources, phosphorus is the most-limiting nutrient for algae growth in fresh 

water systems (Sharpley et al., 1994). Thus, increased phosphorus concentrations in surface fresh 

water resources will cause excessive growth of algae and aquatic plants (Sharpley et al., 1994). 

Similarly, increased phosphorus concentrations will also stimulate algae in marine waters 

including the Gulf of Mexico (Alexander et al., 2008) and Chesapeake Bay (Pionke et al., 2000). 

As these organisms die, respiration associated with their decay depletes oxygen and decreases 

pH resulting in the death of desirable aquatic and marine fish species (Sharpley et al., 1994). In 

addition, the increased plant growth interferes with recreational uses and the decaying plants 

result in the release of unpleasant odors and tastes (Sharpley et al., 1994; Singh et al, 2008). 

Furthermore, under conditions of high temperatures, the high phosphorus levels can result in 

growth of cyanobacteria called blue-green algae that are toxic to humans and animals (Sharpley 

et al., 1994; Stone and Bress, 2007). 

 

When cattle deposit manure on soil, a high proportion of phosphorus will bind to soil particles; 

although this will be greater on clays than on sandy soils (Hubbard et al., 2004). Because most 

phosphorus is bound to soil particles as particulate phosphorus, phosphorus loading of streams is 

closely associated with soil erosion (Pionke et al., 2000; Sharpley et al., 2013). However, 

phosphorus may also enter streams as colloidal or dissolved phosphorus either in precipitation 

runoff or ground water flow; being greater under conditions of high phosphorus concentration, 

high rainfall, and sandy soils (Sharpley et al., 2013). This release of dissolved phosphorus occurs 

as the degree of phosphorus saturation within the soil exceeds 45% (Hechrath et al., 1995). As 

dissolved phosphorus is the form of phosphorus that is utilized for algae growth in aquatic 

systems, particulate phosphorus either on land or within water may act as a source of dissolved 

phosphorus through mineral dissolution and desorption of particulate-bound phosphorus within 

streams (Sharpley et al., 2013; Kovar et al., 2016). Thus, bed sediments become sources of 

dissolved phosphorus in water sources as a result of disturbance of bed sediments and/or anoxic 

conditions causing release of phosphorus from soil particles (Sharpley et al., 2013). The release 

of phosphorus from these particles is inversely related to the phosphorus concentration of the 

water (Kovar et al., 2016). Release of phosphorus is also increased with increasing water pH (r = 

0.92) and sand content of the sediment (r = 0.78), but decreases with increasing clay (r = -0.72) 

and iron (r = -0.93) content of the soil (Kovar et al., 2016). This implies that there may be a 
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considerable time lag between the implementation of any management practice to prevent 

phosphorus loading of watersheds and water bodies and its effects. 

 

All agricultural activities contribute 39 to 58% of the P loading of the Chesapeake Bay 

(Shirmohammadi et al., 1997; Pionke et al., 2000). In data modified from Havens and Steinman 

(1995) and Gianessi et al. (1986), rangelands and pastures have been reported to contribute 

20.3% (373 million kg/yr) of the phosphorus in nonpoint source pollution and 16.7% of total 

discharged (point and nonpoint source) phosphorus in the United States (Carpenter et al., 1998). 

In a more recent report, pastures and rangeland in the Mississippi and Atchafalaya River 

watersheds have been reported to contribute 37.6 % (44.2 million kg/yr or 11.5 kg/km2/yr) of the 

phosphorus delivered to the Gulf of Mexico (Alexander et al. 2008). The contributions of 

pastures and rangeland to the total amount of phosphorus delivered from the region were 37.2 

(2.2 x 106 kg/yr), 59.6 (6.1 x 106 kg/yr), 26.3 (6.2 x 106 kg/yr), 36.4 (14.3 x 106 kg/yr), 51.1 (1.5 

x 106 kg/yr), 68.1 (3.7 x 106 kg/yr), 78.6 (1.7 x 106 kg/yr), and 18.8% (3.9 x 106 kg/yr) from the 

Upper Mississippi, Missouri, Central Mississippi, Ohio and Tennessee, White, Arkansas, Red, 

and the Lower Mississippi and Atchafalaya watersheds. However, although the model used in 

this study was calibrated at 425 monitoring sections, it assigned phosphorus from unrecoverable 

manure from both confined and unconfined livestock including manure that was collected, 

stored, and treated from confined livestock to phosphorus coming from pastures and rangelands 

and did not separate phosphorus contributed from streambank erosion and precipitation runoff 

which are, in part, associated from natural forces from the amount of phosphorus contributed 

from manure. As streambank erosion and phosphorus losses to the stream are primarily 

controlled by natural processes rather than grazing management (Nellesen et al., 2011), the 

effects of grazing cattle should not be equated to the contributions of pasture and rangelands to 

phosphorus loading of the Gulf of Mexico in this study. Another study showed increased 

concentrations of total phosphorus in streams in pastures grazed by continuous stocking (Vidon 

et al., 2008 [0.38 mg/L in a pasture stream with cattle access compared to 0.13 mg/L in the 

stream above the pasture]). Similarly, Sunohara et al. (2012) observed greater load increases for 

total (1.18 compared to -4.08 mg/m/15 min) and dissolved reactive (0.197 compared to -3.97 

mg/m/15 min) phosphorus in a stream without a riparian buffer than in a stream in which cattle 

access was prevented by a riparian buffer. Although Muenz et al. (2006) reported a greater mean 

concentration of soluble phosphorus on one stream without a riparian buffer (0.3 mg/L) than two 

streams with riparian buffers (0.01 mg/L), the soluble phosphorus concentration in two other 

streams without buffers did not differ from those with buffers. Similar to the effects of grazing 

on pathogen and sediment loading, some studies evaluating the grazing cattle on phosphorus 

loading of streams have been conducted at excessive stocking rates as a result of high animal 

numbers and/or small pastures (Vidon et al., 2007 [6.25 cows/ha]), Sunohara et al., 2012 [2.5 

cows/ha]) or the stocking rates weren’t reported (Muenz et al., 2006). In contrast, Sigua et al. 

(2009) observed negligible contributions of phosphorus to surface water (0.55 mg/L) from 

pastures grazed at 3.17 cow-calf pairs/ha for 10 days/mo in a rotational stocking system in 

Florida. Additional studies using streambank erosion and soil phosphorus concentration or 

phosphorus loading of natural or simulated precipitation runoff to indirectly quantify the effects 

of grazing management on phosphorus loading of streams will be discussed in the subsequent 

section. 
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As the risk of phosphorus loading of surface water sources is related to the amount and forms of 

phosphorus in a watershed’s soils and its transport to the water sources, this risk may be reduced 

by controlling these factors particularly near surface water resources. Phosphorus fertilization 

does not directly cause problems as long as erosion and the amount of dissolved phosphorus are 

controlled (Sharpley and Menzel, 1987). However, application of phosphorus as superphosphate 

fertilizer at 50 kg/ha/yr increased dissolved and total phosphorus losses in simulated precipitation 

runoff by 382 and 154% (Sharpley and Syers, 1979). Because the amount and solubility of 

phosphorus in cattle feces increases with increasing dietary phosphorus, the risks of increasing 

phosphorus loading of surface water sources may be reduced avoiding feeding phosphorus above 

animal requirements (Klopfenstein et al., 2002). As the risk of phosphorus pollution increases 

with proximity of cattle near water sources, risks of phosphorus loading may be reduced by 

minimizing congregation of cattle near pasture streams. For example, sediment-bound and total 

phosphorus concentrations in a stream decreased by 43.4 and 64.6% by placement of an off-

stream water source in a pasture to attract cattle away from the stream in Virginia (Sheffield et 

al., 1997). The efficacy of management practices to alter the temporal/spatial distribution of 

grazing cattle will be discussed later in this paper. 

 

Because most phosphorus entering surface water resources is bound to eroded soils, factors 

affecting erosion will largely control phosphorus loading of surface water resources. Vegetation 

increases water infiltration, filters phosphorus-attached particles, and sequesters phosphorus in 

vegetation (Lyons et al., 2000). Mean annual phosphorus losses tended to be lower for pastures 

with riparian buffers (5.0 g/m stream) than in rotationally (9.0 gm/m) stream or continuously 

(12.2 gm/m stream) stocked pastures (Nellesen et al., 2011). However, monthly trend analysis of 

erosion/deposition activity showed decreasing streambank erosion activity along streams in 

pastures which were rotationally stocked. As greater than 90% of phosphorus exported from 

watersheds occurs from 10% of the land in a few large storms (Pionke et al., 1997), most 

phosphorus runoff can be controlled by focusing management practices to prevent phosphorus 

loading on lands with high erosion potential and containing high concentrations of soil 

phosphorus in chemical forms that are most subject to desorption in aquatic environments 

(Carpenter et al., 1998; Kovar et al., 2016). 

 

Nitrogen 

Because the efficiency of converting forage proteins into microbial protein in the rumen of 

grazing cattle is relatively low, grazing cattle will excrete 90% of the nitrogen they consume; 

mostly (75%) as urea in urine (Rotz, 2004). This urea and any undigested proteins in cattle feces 

are rapidly mineralized to ammonia of which 5 to 66% may be volatilized into the atmosphere 

depending on temperature, humidity, wind, and soil moisture (Rotz, 2004). Most of the 

remaining ammonia will be converted to nitrate, but can also be attached to soil particles or 

incorporated into plants. While most nitrate is incorporated into plants during their growth, the 

remaining nitrate is leached into groundwater with water infiltration as it does not bind to clay 

particles (Hubbard et al., 2004) accounting for about 30% of the total excreted nitrogen (Rotz, 

2004). Nitrate may enter surface water sources from groundwater in tile drainage or springs and 

is the predominant source of N for surface water sources (Pionke et al., 2000; Singh et al., 2008; 

Owens et al., 2008). While nitrogen may also enter surface water sources in precipitation runoff, 

the amount is usually small (Rotz, 2004). 
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Nitrogen in the form of nitrate is a concern in ground or surface water sources used for drinking 

water because concentrations of nitrate-nitrogen exceeding 10 mg/L are toxic to infants and 

adults on dialysis (Hubbard et al., 2004). Even levels of 40 to 100 mg NO3-N/L are considered 

risky for livestock unless feeds are low in nitrate and diets are supplemented with vitamin A 

(Carpenter et al., 1998). In addition, like phosphorus, nitrogen may also cause eutrophication of 

water bodies in both fresh water and marine ecosystems (Hubbard et al., 2004). However, excess 

nitrogen is usually more important in stimulating algae growth in marine ecosystems like the 

Gulf of Mexico (Alexander et al., 2008) or Chesapeake Bay (Pionke et al., 2000) than in aquatic 

systems. In addition, high levels (>300 ug NH3-N/L) of ammonia in streams can be toxic to 

aquatic life (Gary et al., 1983), but these levels far exceed levels observed in pasture streams. 

 

Because of the volatility and mobility of nitrogen compounds, high levels of manure excretion 

with grazing animals are generally associated with greater problems of nitrate loading in ground 

water than surface water resources (Krueger et al., 2002). But nitrate in groundwater can be 

transported to surface water resources in springs or tile drainage. Also, ammonia can enter 

streams as the result of mineralization of urea directly deposited in the stream as urine or 

transport of ammonia in precipitation runoff. Thus, using data modified from Havens and 

Steinman (1995) and Gianessi et al. (1986), rangelands and pastures have been reported to 

contribute 16.1% (1.07 billion kg/yr) of the nitrogen in nonpoint source pollution and 13.1% of 

total discharged (point and nonpoint source) nitrogen in surface waters of the US (Carpenter et 

al., 1998). In a more recent study, 5.1% (75 million kg/yr or 19.6 kg/km2/yr) of the nitrogen 

loading the Gulf of Mexico has been attributed to pasture and rangeland in the Mississippi and 

Atchafalaya River basin (Alexander et al., 2008). The contributions of pastures and rangeland to 

the total amounts of nitrogen delivered from the region were 7.4 (6.7 x 106 kg/yr), 7.4 (13.1 x 106 

kg/yr), 2.9 (10.1 x 106 kg/yr), 5.0 (25.2 x 106 kg/yr), 11.2 (2.5 x 106 kg/yr), 11.8 (7.4 x 106 

kg/yr), 13.1 (1.8 x 106 kg/yr), and 2.6% (4.6 x 106 kg/yr) from the Upper Mississippi, Missouri, 

Central Mississippi, Ohio and Tennessee, White, Arkansas, Red, and the Lower Mississippi and 

Atchafalaya watersheds. While, unlike phosphorus, the amount of nitrogen loading would not be 

confounded by erosion in this model, these estimates are still confounded by the use of 

unrecovered manure from both unconfined and confined livestock and other sources of nitrogen 

from pastures such as nitrogen fixed by legumes. Because of the complexity in the metabolism 

and transport of nitrogen compounds to surface water sources, results of experiments measuring 

the effects of grazing on concentrations of the different nitrogen compounds are quite variable. 

Only one of the reviewed studies (Line et al., 2000) showed consistently greater nitrate-nitrogen 

loading in a stream in a pasture stocked with 3.4 to 10.7 cows/ha from 18.7 kg/week to 11.8 

kg/week before and after installation of a riparian buffer, respectively. However, greater 

concentrations of ammonia-nitrogen in pasture streams were observed by Muenz et al. (2006; 

0.03 to 0.06 mg NH4-N/L in pasture streams without buffers compared to 0.02 NH4-N/L in 

pasture streams exclosed with riparian buffers), and Vidon et al. (2008; 0.28 mg NH4-N/L in a 

stream in a pasture stocked at 6.25 cows/ha compared to 0.17 mg NH4-N/L upstream). Similarly, 

increases in total kjeldahl nitrogen (TKN; a measurement of total nitrogen except nitrates) were 

observed by Muenz et al. (2006; 0.15 to 0.23 mg TKN/L in pasture streams without buffers 

compared to 0.13-0.14 TKN/L in pasture streams exclosed with riparian buffers), and Vidon et 

al. (2008; 3.3 mg TKN/L in a stream in a pasture stocked at 6.25 cows/ha compared to 1.2 mg 

NH4-N/L upstream). Also, Line et al. (2003) observed TKN loads of 127.8 kg/wk before and 

39.9 kg/wk after a riparian buffer was installed in a heavily stocked pasture. In contrast, not only 



18 

 

did Gary et al. (1983) observe no difference in the concentration of nitrate-nitrogen between 

pastures that were not grazed or grazed at 0.5 or 2.0 cows/ha, but they also observed no 

differences in the concentrations of ammonia-nitrogen or TKN. 

 

Because nitrogen pollution of pasture streams is largely the result of nitrate transport through 

groundwater, management practices to reduce nitrate loading involve balancing nitrogen inputs 

like fertilizer and manure with seasonal plant growth needs (Pionke et al., 2000; Kemp and 

Michalk, 2007). Nitrogen loading of water sources from a grazing system with little or no N 

fertilization are very low (Owens, Edwards, and Van Keuren, 1989). Application of nitrogen in 

excess of the plant seasonal needs will increase risks of nitrate leaching into groundwater (Rotz, 

2004). As a result, because of plant uptake of nitrate during growth, nitrate-N losses were only 

18% from manure deposited in the spring compared to losses of 28 and 31% after summer and 

fall deposits of manure in Pennsylvania (Stout et al., 1997). Also, as a result of the reduced plant 

uptake of nitrate, nitrate-nitrogen losses from a pasture grazed at 0.65 cow/ha during winter were 

nearly two times greater than during summer (Owens et al., 1983). Similarly, nitrate levels in a 

pasture stream grazed at a high stocking rate (6.25 cows/ha) were 5.8 times greater in the winter 

and spring than in the summer and fall in Indiana (Vidon et al., 2008). Because of the mobility of 

nitrogen deposited as urine and feces, risks of nitrogen loading may be further reduced by 

reducing the time grazing cattle are near surface water resources (Krueger et al., 2002). 

 

Routes of nonpoint source pollution in pastures 

Similar to the types of pollutants that comprise nonpoint source pollution that may be associated 

with grazing cattle, there are also different routes including streambank erosion, upland runoff 

(as sheet and rill erosion or gully erosion), bed sediment resuspension, and fecal deposition 

through which grazing cattle may indirectly or directly affect water quality of surface water 

sources. However, the contribution of each of these routes to sediment, nutrient, or pathogen 

loading vary. Furthermore, routes of nonpoint source pollution related to soil erosion are natural 

processes which may or may not be altered by anthropogenic activities like grazing. While the 

effects of grazing may be mitigated through management of stocking intensity and the 

temporal/spatial distribution of grazing cattle, response to these practices will be affected by such 

factors as stream/river order and water flow; soil texture, bulk density, and moisture; bank 

geometry; and vegetation characteristics (Abernethy and Rutherford, 1998). 

 

Streambank erosion  

When quantifying the amounts of sediment and phosphorus transported to a stream from 

streambank erosion, sheet and rill erosion, and direct fecal deposition, Schwarte et al. (2012a) 

observed that streambank erosion was the source of 99 and 94% of the sediment and total 

phosphorus-loading of a stream in pastures grazed at 1.24 cows/ha in Iowa. Similarly, Simon et 

al. (2000) reported that streambank erosion contributed 80% of the sediment to streams in the 

Midwestern US while Sharpley and Syers (1979) reported that streambank erosion was the 

source of 74 and 77% of the sediment and total phosphorus in a New Zealand pasture stream. 

Thus, stabilization of streambanks could substantially reduce sediment and phosphorus loading 

of surface water resources. Beyond sediment and phosphorus-loading of streams and rivers, 

streambank erosion also increases the width while reducing depth of rivers and streams 

(Ranganath et al., 2009), produces mudflats on denuded streambanks (Krueger et al., 2002), 

increases water turbidity (Belsky et al., 1999), promotes sediment deposition in the streambed 
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(Sovell et al., 2000; Agouridis et al., 2005b), increases water temperature (Belsky et al., 1999; 

Krueger at al., 2002), causes the loss of desirable invertebrate and fish populations (Belsky et al., 

1999) and reduces flow rate which may elevate concentrations of pathogens and algae (Krueger 

et al., 2002).  

 

Streambank erosion is the process through which the energy associated with water flow is 

dissipated in turbulent mixing, scouring of soil in the bank and bed, and sediment transport 

(Fitch and Adams, 1998). This energy can be considerable; increasing fourfold with a doubling 

of stream flow. The forces that control erosion of a streambank are the bank height and slope, the 

weight of the soil and mass of water within it, and the surcharge imposed by any objects on or 

within the bank top, surface, or mass (Simon and Collison, 2002). Thus, streambank erosion is a 

complex phenomenon resulting from three processes; subaerial preparation, fluvial entrainment, 

and mass failure (Abernethy and Rutherford, 1998).  

 

Subaerial preparation processes such as wetting and drying of soils, freeze-thaw activity, micro-

rill development, and the bank exposure and damming effects of downed trees are those that 

prepare a streambank to erode and predominate in the upper reaches of watersheds (Abernethy 

and Rutherford, 1998; Couper and Maddock, 2001). While the magnitude of these processes are 

small (contributing to nearly13% of streambank erosion), their importance is that these processes 

weaken the surface and face of the bank promoting fluvial erosion and are more frequent than 

fluvial entrainment or mass failure (Couper and Maddock, 2001; Pizzuto, 2009). Streambanks 

which lack vegetation and have a high soil moisture are more susceptible to erosion as shear 

strength is lost (Abernethy and Rutherford, 1998; Hooke, 1978). High soil moistures resulting 

from long periods of high rainfall decrease matric suction between soil particles while increasing 

water pore pressures which reduce frictional strength (Simon et al., 2000). However, low soil 

moistures can also weaken soils by formation of desiccation cracks which provide lines of 

weakness in the bank face (Couper and Maddock, 2001). The negative effects of soil moisture 

are greatest in incised channels in arid or semi-arid areas as these banks are normally unsaturated 

and, therefore, more sensitive to increases in moisture content (Simon and Collison, 2002). As 

the expansion of water on freezing reduces the forces holding soil particles together, freeze-thaw 

activity is an important factor controlling streambank erosion (Simon and Collison, 2002; 

Pizzuto, 2009), accounting for 32 to 43% of streambank erosion (Lawler, 1993) and 50% of 

variance in total stream erodibility (Wynn and Mostaghimi, 2006a). As a result of freeze-thaw 

activity, streambank erosion accounted for 82% of the streambank erosion from 13 pasture 

streams in southern Iowa over 3 years (Bear et al., 2011b). Similarly, streambank losses during 

winter accounted for 89% of the cut bank erosion along a central Iowa stream (Schwarte et al., 

2011a). Also, streambank erosion during the winter contributed 40 to 91% of the streambank 

erosion in central Iowa streams protected within riparian buffers, depending on the level of 

summer precipitation (Nellesen et al., 2011). Also, 60% of streambank loss in a grazing 

exclosure in Eastern Oregon occurred during winter (Kauffman et al., 1983). 

 

Fluvial entrainment are processes such as amount and pattern of water flow which cause 

corrosion or undercutting of the bank and predominate in the mid-basin reaches of streams 

(Hooke, 1979; Abernethy and Rutherford, 1998). Hydraulic forces reflect the type of 

precipitation, water infiltration, surface runoff, and subsurface flow and the magnitude 

(particularly near-bank velocity), frequency, and duration of water flow (Pizzuto, 2009; Jaeger et 
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al., 2010) and are responsible for 87% of all streambank erosion (Pizzuto, 2009). The rate in the 

rise of water discharge is more important than the amounts of total precipitation or peak 

discharge as it determines the rate of wetting banks and the development of turbulence structures 

and undercutting (Hooke, 1979). Substrate resistance to these hydraulic forces influence how the 

hydraulic energy is expended and is related to sediment size, volume, and distribution; inter-

particle strength; and channel geometric features including bed gradient, width:depth ratio, bank 

and bed irregularities, and sinuosity (Abernethy and Rutherford, 1998; Jaeger et al., 2010). As 

soil moisture affects the inter-particle strength to resist fluvial entrainment, most bank erosion 

occurs as a result of high flows during prolonged wet periods (Simon et al., 2000; Couper and 

Maddock, 2001). The relationship between aerial processes and fluvial entrainment is related to 

the time between the two events with the greatest effect occurring when a high flow event occurs 

immediately after a period of subaerial activity (Couper and Maddock, 2001). 

 

Mass failure or slumping occurs when force of gravity exceeds soil shear strength of an 

undermined bank and is the dominant process at the downstream reaches of the stream 

(Abernethy and Rutherford, 1998; Simon et al., 2000; Couper and Maddock, 2001). While 

infrequent, mass failure resulted in losses of 500 mm or more from a streambank in comparison 

to 23 to 74 mm over a preceding 16-month period (Couper and Maddock, 2001). Similar to 

fluvial entrainment, soil texture is an important factor in slumping as banks with a high clay 

content are more resistant to slumping than banks with coarser soils (Hooke, 1979). In spite of 

differences in precipitation patterns (snowfall and high intensity rainstorms versus more 

consistent, locally intense rainfall), stream flow patterns (more inter-annual variability in amount 

and frequency of peak flow, more variation between peak and base flows, and shorter duration of 

peak flow versus less variation, but greater frequency and longer duration of peak flow), 

substrate resistance (gravel and sandy soils with less dense, but more deeply rooted [> 2 m] 

vegetation versus clay soils with more dense, but less deeply rooted [< 90 cm] vegetation), and 

stream channel characteristics [broad, shallow braided systems or deeply incised arroyos with 

low sinuosity that rapidly change with time and space versus historically unincised, sinuous 

channels that have become incised with steep banks) between the southwest and southeast US, 

the average rates of streambank erosion and streambed incision did not differ between these 

regions (Jaeger et al., 2010). Thus, local temporal/spatial conditions have stronger influences on 

rates of streambank erosion than regionally generalized influences.  

 

It is widely accepted that riparian vegetation plays a major role in stabilizing streambanks against 

erosion (Abernethy and Rutherford, 1998; Simon and Collison, 2002; Langendoen et al., 2009). 

But this relationship is more complex with vegetation reducing or promoting streambank erosion 

largely depending on location in the watershed (Pizzuto, 2009). Streambank erosion is prevented 

by reinforcement of the soil by plant roots and reduction in soil moisture by canopy interception 

and evapotranspiration (Abernethy and Rutherford, 1998; Simon and Collison, 2002). Although 

soils are strong to compression, they are weak to tension and, therefore, are subject to removal 

by hydraulic forces of streams. Roots are strong to tension and, therefore, anchor soils against 

erosion while dissipating stream energy and maintaining channel shape (Fitch and Adams, 1998; 

Simon and Collison, 2002; Wynn and Mostaghimi, 2006). The hydrologic effects of vegetation 

are more complex than the mechanical effects. Vegetation may enhance bank stability by 

reducing soil moisture through interception of rainfall and evapotranspiration (Simon and 

Collison, 2002). However, vegetation will also increase infiltration of precipitation (Schwarte et 
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al., 2011a). While increased water infiltration in uplands is desirable in reducing precipitation 

runoff along with transport of sediment, nutrients and pathogens to surface water sources (Haan 

et al., 2006), increased water infiltration in riparian zones decreases streambank stability by 

increasing soil moisture and transport of ground water to streams (Simon et al., 2000). Thus, 

while the mechanical effects of grasses within a riparian zone increased streambank stability by 

49% and the hydrologic effects provided by the grasses within a riparian zone decreased 

streambank stability by 15% (Simon and Collison, 2002). Because of deep, coarse root systems, 

tree roots not only increase the shear strength of the soils, but also increase soil 

evapotranspiration (Langendoen et al., 2009). Thus, the mechanical and hydrologic effects 

provided by tree roots increased streambank stability by 46 and 29% under wet conditions 

(Simon and Collison, 2002). Although the tree roots that extend deeper than vegetative species 

help stabilize deeper soils against erosion by increasing shear strength, downed trees in streams 

are a major source of stream erosion in the upper reaches of streams (Abernethy and Rutherford, 

1998). Furthermore, tree cover may reduce vegetative cover, thereby, leaving bare soil that is 

susceptible to erosion (Lyons et al., 2000). As a result, Lyons et al. (2000) observed that in 

agricultural regions, grassy riparian vegetation may be more effective in reducing bank erosion 

and trapping suspended sediments than wooded areas. 

 

Beyond preventing streambank erosion, riparian vegetation increases entrapping of sediments in 

precipitation runoff or flood waters by as much as 700% causing deposition and building of 

streambanks (Clary et al., 1996; Clary and Leininger, 2000). For this process to occur, it has 

been suggested that the riparian vegetation be at a minimal height of 10 cm (4 inches; Clary and 

Leininger, 2000). However, it is recognized that not only forage height is important, but also 

difference in heights of native forages (Clary and Leininger, 2000), densities and stiffness of the 

plant material (Clary et al., 1996; Flenniken et al., 2001), plant regrowth and vigor (Clary and 

Leininger, 2000) seasonality of grazing/browsing selection (Clary and Leininger, 2000), soil 

compaction (Haan et al., 2006), and streambank recovery (Clary, 1999) should be considered. 

Thus, while at minimal height of 10 cm may be the best compromise for many situations, this 

value should be adjusted for site-specific management (Clary and Leininger, 2000).  

 

An additional role of vegetation on streambank erosion is its effects on freeze-thaw cycles. 

Forested streambanks with little grassy vegetation experienced 2 to 3 times the winter diurnal 

variation in temperature and underwent nearly 4 times more freeze-thaw events than streambanks 

covered with dense vegetation (Wynn and Mostaghimi, 2006b). These effects accounted 42% of 

the fluvial erodibility of streambanks with silty and noncohesive soils (Wynn and Mostaghimi, 

2006a).  

 

Continuous grazing of cattle at high stocking densities may enhance streambank erosion by 

removal of forage vegetation and roots decreasing plant diversity and soil stability (Freitas et al., 

2014). The hoof treading by cattle near streams increases bulk density and deteriorates soil 

structure reducing shear strength (Trimble and Mendel, 1995). Greatest damage occurs under wet 

soil conditions from long duration storms at points where cattle enter and leave streams shearing 

slices of bank material into the stream and creating cow ramps which may act as channels of 

runoff precipitation (Trimble and Mendel, 1995; Belsky et al., 1999). This type of damage is 

rather uniformly distributed in low, fine textured banks, but more concentrated on higher, 

wooded banks with fewer locations to enter or leave the stream (Trimble and Mendel, 1995). The 
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accelerated sloughing of bank soils increases the rate of widening of the stream channel 

(Kauffman and Krueger, 1984). Soil and other materials that fall into the stream and the 

morphological bank irregularities created by cows result in increased stream turbulence which 

accelerates bank erosion (Trimble and Mendel, 1995).  

 

A number of review papers (Trimble and Mendel, 1995; Belsky et al., 1999; Agouridis et al., 

2005b) have shown increased streambank erosion resulting from grazing. Similarly, while cross-

sectional area of stream channels in Kentucky pastures (2.2 to 3.2 ha) continuously grazed at 

1160 kg live weight/ha increased by 0.07 m2, stream channel cross-sectional areas in riparian 

buffers decreased by 0.15 m2 because of deposition over a 2 year period (Agouridis et al., 

2005a). Also, the bank width to depth ratio of streams in Virginia pastures continuously grazed 

at a stocking rate of 30.3 AU/ha was 25% greater than streams protected by buffers in pastures 

grazed at 15 AU/ha (Ranganath et al., 2009). In contrast, no significant differences in streambank 

erosion have been observed between streams in pastures grazed by continuous stocking and 

streams in which grazing was excluded by Smith et al. (1993; Wyoming 30 ha pastures stocked 

at 1.1 cows/ha for 10 days); Sovell et al. (2000; Minnesota streams, but stocking rates not given), 

George et al. (2002; California Sierra Nevada foothill pastures stocked to maintain stubble height 

of 5 to 7.5 cm); Nellesen et al. (2011; Iowa 12.1 ha pastures stocked at 1.24 cows/ha over 3 

years), and Bear et al. (2012b; Iowa 2.8 to 107 ha pastures stocked at 2.7 to 31.7 cow-days/m of 

stream). While positive or negative results to any grazing treatment on streambank erosion may 

be true for a given stream during a given period, variation in results may be caused by the 

confounding effects of stream flow, variations in stream, soil, and vegetation within and between 

watersheds, insufficient replication, insufficient study length for variable time lags, ambiguities 

in experiment design, grazing by wild animals, prior grazing history, and influences from outside 

the study area (Belsky et al., 1999; George et al., 2002) and the different factors affecting the 

temporal spatial variation of grazing cattle within pastures or rangeland (Bailey, 2005; Bear et 

al., 2012a; Schwarte et al., 2011b; Bisinger et al., 2014). “However, it is clear that riparian 

grazing can be managed to enhance and protect primary vegetation attributes that are strongly 

correlated to stream channel and riparian soil stability which support ecosystem services 

provided by riparian areas” (George et al., 2011). Grazing management practices can reduce 

streambank erosion by altering the stocking density and temporal/spatial distribution of grazing 

cattle and will be discussed in a subsequent section. 

 

Upland runoff: Sheet and rill erosion  

Sheet and rill erosion is transport of soil particles that are dislodged by raindrops in a thin sheet 

or in small flow paths of precipitation runoff (Krueger et al., 2002; Kinnell, 2005). The amount 

and distance the soil particles are transported is inversely related to rainfall infiltration into the 

soil via pores (Greenwood and McKenzie, 2001). The hoof impact of cattle grazing or walking 

across upland or riparian systems may result in compression forces greater than 250 kPa on the 

soil (Scholefield et al., 1985), increasing soil bulk density while reducing the number, size, and 

depth of soil macropores in pastures (Greenwood and McKenzie, 2001) and grazed cover crops 

(Franzluebbers and Stuedemann, 2008). This soil compaction extends to depths of 2.5 to 14.0 cm 

from the surface (Van Havern, 1983; Haan et al., 2006) with damage occurring at greater depths 

when treading occurs at high moistures (Trimble and Mendel, 1995; Greenwood et al., 1997). 

However, the effects of soil moisture on soil compaction will depend on soil texture as soils with 

a high clay content are more susceptible to soil compaction than soils with high concentrations of 
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sand or organic matter (Van Havern, 1983; Angers, 1990). The soil compaction along with 

sealing of the soil pores via smearing of the soil surface reduces water infiltration, promoting 

precipitation runoff (Russell et al., 2001; Haan et al., 2006). Thus, trampling at 0.37 AUs/ha/yr 

five times from May through September decreased infiltration rate by 39 and 52% and increased 

sediment loss by 625 and 272% when clay silt soils were trampled dry and wet, respectively 

(Warren et al., 1986d). Along with sediment, nutrients and pathogenic microorganisms are 

transported to surface water sources in precipitation runoff (Hubbard et al., 2004). In fact, the 

pollutants of greatest risk in simulated precipitation runoff in New Zealand pastures stocked at 

15 AUs/ha were, in order, pathogens, dissolved reactive phosphorus, total phosphorus, and 

ammonia-nitrogen with risks of nitrate-nitrogen and sediment transport being negligible 

(McDowell, 2006). Transport of pathogens or dissolved nutrients like dissolved reactive 

phosphorus or ammonia-nitrogen are particularly problems when high levels of manure or 

fertilizer are applied near water sources either directly by grazing livestock or by spreading of 

manure from confinement livestock operations, especially if the soils are already loaded with the 

nutrients (Sharpley and Syers, 1979; Sauer et al., 2000).  

 

The amounts of sediment and nutrients transported in precipitation runoff are highly related to 

the proportion of ground that is bare (Russell et al., 2001[In New Zealand pastures, bare soil and 

hill slope accounted for 63% of variation in sediment loss]; Butler et al., 2006[In North Carolina 

plots with different levels of forage removed and manure applied to simulate 4 cows/ha]; Thurow 

et al., 1986 [In Texas rangeland, total organic cover and soil bulk density accounted for 86% of 

the variation in rainfall infiltration rate and total aboveground biomass and bunchgrass cover 

accounted for 79% of the variation in sediment loss]; Thurow et al., 1988 [In Texas rangeland, 

total organic cover accounted for 96% of the variation in rainfall infiltration rate]). Such studies 

have led to the recommendation that sheet and rill erosion could be minimized by maintaining a 

minimum of 75% vegetative cover on pastures or rangeland (Krueger et al., 2002; Butler et al., 

2006]).  

 

In order to maintain adequate cover, a minimum residue height of 10 cm in upland and riparian 

areas has been successful in reducing precipitation runoff, transport of sediment and/or 

phosphorus (Pearce et al., 1998b; Haan et al., 2006; Schwarte et al., 2011a). However, Self-

Davis et al. (2003) observed that while tall fescue and Bermuda grass plots in North Carolina had 

the same canopy cover and height, tall fescue plots had 21% greater water infiltration than 

Bermuda grass, seemingly because of the more tortuous path of the runoff within the tall fescue 

plots. Also, while mowing to a height of 10 cm resulted in equal trapping of sediment (90%) in 

simulated precipitation runoff to no forage removal, trampling and trampling plus grazing 

reduced stem density, thereby, only trapping 84 and 77% of the sediment (McEldowney et al., 

2002). Similarly, while maintaining vegetation height of 10 cm protected soil particles from 

rainfall impacts, other factors including percent vegetative cover, aboveground biomass, percent 

shrubs, surface roughness coefficient, and percent silt in sediment affected sand erosion (r2= 

0.62) in Colorado pastures (Pearce et al., 1996). Thus, while maintaining vegetation height at 10 

cm may serve as indicator of streambank stability and plant vigor, it has less value as a predictor 

of upland runoff than stem density or additional variables, particularly in rangeland soils (Frasier 

et al., 1998; McEldowney et al., 2002). 
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In spite of the propensity of soil to compact under cattle grazing, the effects of cattle grazing on 

water infiltration and the associated transport of sediment, nutrients, and pathogens have been 

varied. Grazing Alberta, Canada rangeland at 0.4 to 0.5 AUM/ha increased runoff by 26 to 47% 

and total nitrogen transport in runoff by 26 to 108% in two of three years and increased total 

phosphorus transport in runoff by 167% in one of three years compared to an ungrazed riparian 

buffer (Miller et al., 2010). However, most literature only shows significant effects of grazing on 

water infiltration and/or sheet and rill erosion at heavy or very heavy stocking rates (Trimble and 

Mendel, 1995). For example, Naeth et al. (1990) reported that steady state water infiltration rates 

of Alberta, Canada pastures that were not grazed or grazed lightly (1.2 to 1.5 animal unit months 

[AUM]/ha) were 50 to 100% greater than pastures grazed at heavy (2.4 to 4.4 AUM/ha) or very 

heavy (4.8 AUM/ha) stocking rates. In Texas rangeland, simulated rainfall infiltration rates in 

sodgrass vegetation did not differ between nongrazed and continuously stocked at a moderate 

rate (.12 AU/ha/yr), but decreased by 53% when continuously stocked at a high rate (.22 

AU/ha/yr; Thurow et al., 1986).  

 

Similar to stocking rate, stocking system has varied effects on water infiltration and sheet and rill 

erosion. In Iowa pastures, Haan et al. (2006) observed that grazing by continuous stocking to a 

residual forage height of 5 cm increased simulated precipitation runoff by 3.4-fold and total 

phosphorus loading by 10-fold and tended to increase sediment loading by 11.7-fold compared to 

ungrazed pastures. While rotational stocking to residual forage height of 5 cm had no differences 

in runoff, sediment loading, or phosphorus loading in comparison to continuous stocking to a 

residual forage height of 5 cm, rotational stocking to a residual sward height of 10 cm and 35 day 

rest periods reduced runoff, sediment loading and phosphorus loading by 43, 36, and 36% from 

continuous stocking and did not differ from ungrazed pastures. However, in Texas rangeland, 

while a short duration rotational stocking system (0.22 AU/ha/yr with a 4 day graze and 50 day 

rest schedule) tended to decrease precipitation runoff and annual sediment loss by 48 and 20% 

compared to heavy continuous grazing (0.22 AU/ha/yr), short duration rotational stocking 

increased annual precipitation runoff and sediment loss by 76 (5.1 to 2.9% of annual 

precipitation) and 125 (563 to 250 kg/ha) % compared to moderate continuous grazing (0.12 

AU/ha/yr; McCalla et al., 1984; Thurow et al., 1988). Increasing the stocking density (1.5 to 2.9 

AU/ha) within each paddock by increasing the paddock number in a rotational system (7, 9, and 

14 paddocks) while maintaining a constant stocking rate (.12 AU/ha/yr) for each pasture reduced 

precipitation infiltration by 6% while increasing sediment load by 21% (Warren et al., 1986b). It 

appears from this research that a 30-day rest period recommended in many rotational systems is 

inadequate to mitigate the effects of grazing on precipitation runoff and sheet and rill erosion 

(Warren et al., 1986d). Thus, at least in western rangelands, there’s little benefit to soil 

hydrologic conditions from large increases in the number of paddocks/pastures within a 

rotational system (Warren et al., 1986b). Because of the importance of rest period length on 

precipitation runoff and sheet and rill erosion, infiltration rate and sediment loss did not differ 

between a high-intensity low-frequency grazing system (8 paddocks stocked at 0.12 AUs/ha/yr 

with 119 day rest periods) and moderate continuous grazing (0.12 AUs/ha/yr; Thurow et al., 

1988). 

 

The lack of consistent effects of grazing management on water infiltration and/or sheet and rill 

erosion may be caused by confounding from climatic factors. Because of less microbial activity, 

soil aggregates, organic matter, and roots, and greater soil bulk density during winter dormancy 
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or drought, simulated precipitation runoff decreased by 20% and sediment loss increased by 76% 

from a rotationally grazed pasture (7-pastures stocked at 0.21 AU/ha/yr) during periods of 

dormancy compared to periods of forage growth (Warren et al., 1986a). Similarly, while 

infiltration rates in pastures that were not grazed or were grazed lightly (1.5 AUM/ha) in autumn 

were 50 to 70% greater than pastures that were lightly grazed in spring (Naeth et al., 1990), 

Wheeler et al. (2002) found no differences between the effects of grazing (60 to 75% utilization 

rate with a stocking rate of 24 steers/ha) of Colorado pastures on water infiltration between 

spring and summer when the summer had an usually high level of precipitation. Furthermore, 

while grazing decreased infiltration rate by 74% immediately after grazing, infiltration rates 

returned to pre-disturbed values within one year after grazing as a result of freeze-thaw events 

and the high organic matter content of the soils. These climatic effects on water infiltration imply 

that risks of nonpoint source pollution may be minimized by reducing stocking rates or extending 

rest periods during periods of winter dormancy or drought (Warren et al., 1986a) Other factors 

that contribute to the variation in the effects of grazing on water infiltration and/or sheet and rill 

erosion between projects include: 1) The temporal/spatial variation in soils; 2) No standard 

definition for terms used for stocking rates or duration; 3) Differences in research 

methodologies; and 4) Little consideration of prior land treatment (Trimble and Mendel, 1995). 

 

Upland runoff: Gully erosion  
Gullies are deep (greater than 0.5 m) incised channels resulting from the scouring action of 

concentrated, intermittent flows of water during heavy precipitation or snowmelt (Krueger et al., 

2002). Gullies initially form as a result of concentrated soil compaction along with soil 

displacement to the sides caused by repeated hoof treading along cow paths on hills or 

streambanks (Trimble and Mendel, 1995). However, gullies also may form along hiking or 

equipment trails as well (Strunk, 2003). Similar to sheet and rill erosion, the damage to the soil is 

greatest during periods of high soil moisture when hoof prints can cause the plastic flow of 

muddy soils to the sides of the hoof (Trimble and Mendel, 1995). The poor water infiltration of 

the compacted soil within the incised channel creates forces similar to streams that erode soils 

from the bottom and sides of the channel (Trimble and Mendel, 1995). Such erosion may be 

1,000 to 10,000 times greater than adjacent pastures (Strunk, 2003). Furthermore, as the 

distribution of manure is directly proportional to the temporal/spatial distribution of the cows 

(Haan et al., 2010), these gullies can serve as a conduit for phosphorus and other nonpoint source 

pollutants to surface water sources (Sharpley et al., 2013). 

 

Despite the potential for gullies to act as conduits of concentrated amounts of sediment, 

nutrients, and pathogens to surface water sources, their infrequent occurrence and variable 

morphology make their contribution to surface water quality extremely site-specific and difficult 

to measure. As a result, there is little research quantifying the effects of gully erosion on surface 

water quality. However, inasmuch as gullies act as intermittent streams, it might be assumed that 

gully erosion may be mitigated by practices that stimulate vegetation growth similar to 

controlling streambank erosion. 

 

Streambed resuspension 

As discussed previously, while the sources of sediment, nutrients and pathogens entering streams 

may result from natural or anthropogenic (including grazing livestock) activities at or above a 

given stream reach, phosphorus, bacteria, and viruses that enter streams may be bound to soil 



26 

 

particles (especially clays) or bind to sediment particles once entering a stream becoming a 

reservoir of these pollutants in bed sediments (Howell et al., 1996; Fong and Lipp, 2005; 

Sharpley et al., 2013; Kovar et al., 2016). Although the increased length of survival of pathogens 

bound to clay is undesirable (Howell et al., 1996), sediment-bound phosphorus is a minor 

problem as long as phosphorus remains absorbed to the sediment which may be high in clay 

sediments containing high concentrations of iron (Kovar et al., 2016). However, treading by 

cattle within streams may resuspend this sediment in the water column resulting in the release of 

as much as 27 to 44% of the dissolved phosphorus in a stream (Sharpley and Syers, 1979). In 

addition, sediment resuspension may result in the release of pathogens into the water column 

(Stephensen and Rychert, 1982) or transport the pollutants further downstream where they may 

be released into the water column (Fong and Lipp, 2005).  

 

Because of the extremely complex conditions related to the original sources of the pollutants and 

the mechanisms and capacity of the sediments to bind and release different pollutants into 

surface water sources, it is virtually impossible to quantify the contribution of grazing cattle to 

the amounts of pollutants bound to or released from bed sediments. However, the risks of 

grazing cattle to contribute to these problems may be minimized by management practices that 

reduce the time that cattle are near surface water sources.  

 

Direct fecal and urine deposition 

The amounts of feces excreted daily by grazing cattle are directly related to the amount of forage 

dry matter consumed (1.5 to 3.0% body weight) and inversely related to the digestibility of that 

dry matter (45 to 70%). Thus, a 598 kg (1,316 lb) cow consuming 15.0 kg (2.5% BW) forage dry 

matter that is 54% digestible will excrete 6.9 kg fecal dry matter/day (Schwarte et al., 2011). 

While the amount of phosphorus excreted will depend on the phosphorus concentration of the 

forage and the amount of supplemental phosphorus fed, Schwarte et al. (2011) found the 

phosphorus concentration in the feces of grazing beef cows that were not receiving supplemental 

phosphorus to range from 0.48 to 0.68% resulting in the excretion of 35 to 48 gm 

phosphorus/day. Although the amount of nitrogen in the feces and urine would depend on the 

amount, ruminal degradability and digestibility of the protein fed and the protein requirement of 

the cow, McDowell (2006) reported that cattle feces contained 2.7% nitrogen. Thus, the 6.9 kg of 

fecal DM/day reported by Schwarte et al. (2011) would contain 184 gm on nitrogen. Urinary 

nitrogen concentration ranges from 0.6 to 20.5 gm/L and the total amounts vary from 0.38 – 0.68 

gm/gm nitrogen consumed (Dijstra et al., 2013; Shepherd et al. 2016). In addition, adult cow 

feces may contain 107 E. coli/gm (Avery et al., 2004) and up to 104 Cryptosporidium oocysts/gm 

(Davies et al., 2004), but will have varying incidences of shedding pathogenic bacteria (Davies et 

al., 2004; Schwarte et al, 2011) and viruses (Schwarte et al., 2011). Because the solubility of 

nutrients and the viability of the pathogenic microorganisms are greatest in fresh manure, these 

pollutants pose the greatest risks immediately after deposition (McDowell et al., 2006; Cournane 

et al., 2010). 

 

Cattle defecate 12 to 13 times per day (Miner et al., 1992; McDowell, 2006) in pats covering 

0.05 m2 (McDowell, 2006). Thus, in a 12.1-ha (30 ac) pasture in Iowa stocked at 1.24 cows/ha 

(15 cows), cows would excrete 103.5 kg fecal dry matter/day covering 9 m2/day or 1350 m2 

(1.1% of the pasture area) over a 150-day grazing season, if evenly distributed. However, the 

distribution of feces and urination by grazing cattle are directly proportional to the distribution of 
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cattle with a pasture (White et al., 2001; Ballard et al., 2005; Haan et al., 2010). Therefore, as 

cows spend 1.2 and 10.6% of the time in and within 33 m of a stream in a 12.1 ha pasture, 1.2% 

(1.24 kg fecal dry matter/15 cows/day) of the manure would have been deposited in the stream 

and 10.6% (11.0 kg fecal dry matter/15 cows/day) would have been deposited within 33 m of the 

stream. Similarly, Ballard et al. (2005) observed that 2% of feces was directly deposited into a 41 

ha pasture in Oregon. However, if the Iowa pasture was reduced to 4.04 ha (10 ac), 8.4% (8.7 kg 

fecal dry matter/15 cows/day) of the manure would have been deposited within the stream and 

28.2% (29.2 kg fecal dry matter/15 cows/day) would have been deposited within 33 m of the 

stream (Bisinger et al., 2014).  

 

As the amount of manure deposited near streams is related (r2 = 0.35) to the stocking rate per 

meter of stream reach (Bear et al., 2012b [13 pastures stocked at 0 to 31.7 cow-days/m]), one 

approach to reduce manure deposition near the stream would be to reduce the stocking rate. 

Thus, while approximately 5% of feces were deposited in a stream in 75 to 85 ha pastures, 

coliform numbers in a stream decreased when the stocking rate decreased from 1.76 to 0.53 

cows/ha (Gary et al., 1983). However, reducing the stocking rate had only minor effects on 

ammonia-nitrogen and nitrate-nitrogen levels in the stream in this study. 

 

Because the distribution of feces and urine by grazing cattle is directly related to the 

temporal/spatial distribution of cattle, there are opportunities to reduce fecal and urinary loading 

of streams through practices that alter cow distribution (George et al., 2011). Manure 

concentration was greatest near streams during dry periods late in the season when vegetation 

outside of riparian areas becomes less available and has lower quality in California or Oregon 

rangeland (Parson et al., 2003; Tate et al., 2003) and Iowa pastures (Bear et al. 2012b). In 

California rangeland, fecal accumulation was negatively related to slope particularly with north-

facing aspects (Tate et al., 2003). Because manure also accumulated near water troughs or 

supplemental feeds sites, placement of such sites may either draw cattle near or away from 

surface water sources, depending on the location of the sites (Tate et al., 2003). Similarly, 

limiting grazing of a riparian paddock in a rotational grazing system to no longer than 4 days per 

cycle and a minimal residual forage height of 10 cm resulted in 77 and 39% less feces deposited 

within 5 and 33 m of stream than continuous grazing in an Iowa pasture (Schwarte et al., 2011b). 

 

Control of the distribution of grazing cattle within rangeland and pastures 

As pathogen loading of streams and rivers may result from poor human or confined livestock 

waste management, wild animals, or grazing livestock and sediment and nutrient loading of 

streams and rivers is the result of complex natural processes that may be accelerated by grazing 

livestock, the contribution of grazing livestock to nonpoint source pollution of surface water 

sources is difficult to quantify. However, risks of nonpoint source pollution of surface water 

sources may be quantified by assessing the proportion of time that grazing cattle are near pasture 

streams. Furthermore, these risks may be reduced by altering the temporal/spatial distribution of 

grazing cattle to reduce the time they are near surface water resources.  

 

At any time, the location of grazing cattle within rangeland or pasture is based upon the goals of 

maximizing nutrient intake in a limited time, minimizing energy expenditure either in movement 

or thermoregulation, meeting requirements for water and supplemental nutrients, and protection 

from insect pests and predators (Senft et al., 1987; Bailey et al., 1996). Thus, the temporal/spatial 
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distribution of grazing cattle are controlled by biotic factors affecting the ability of cattle to 

maximize their nutrient intakes and abiotic factors that limit their ability to graze with minimal 

energy expenditure, meet water and supplemental nutrient requirements, and maintain 

thermoregulation. As cattle need to drink at least 1 or 2 times per day, cattle will graze near 

streams not only because of the availability and quality of forage, but also to minimize energy 

expenditure and manage heat stress (Ballard and Krueger, 2005b). Thus, Howery et al. (1998) 

found that cattle in Idaho rangeland spent 48 to 75% of their time in riparian habitat, although it 

comprised only 3 to 8% of the 1030 ha allotment. This concentration of livestock near streams 

may impair stream water quality (Bailey, 2005). 

 

Once the locations are found that optimize nutritional availability with minimal energy 

expenditure to graze while meeting water and thermoregulation needs, grazing cattle will return 

to graze these areas based on memory of their own grazing experience, memory of their dams’ 

grazing distribution, or following socially dominant animals in a herd (Bailey et al., 1996; 

Howery et al., 1998; Launchbaugh and Howery, 2005). Consequently, in rangeland, while first-

calf heifers or cows with young calves will remain near riparian areas, mature cows will select 

grazing locations further from water sources within 0.5 to 1.2 km from where they were reared if 

forage wasn’t limiting (Howery et al., 1998; DelCurto et al., 2005). Thus, selection of cattle 

more likely to have more desirable distribution patterns is one management approach to 

potentially reduce riparian damage (Howery et al., 1998). 

 

Some factors affecting cattle distribution like forage distribution, slope, or grazing unit size and 

shape may be inherent to specific rangeland allotments or pastures and may be difficult or 

impossible to alter. In these cases, risks of nonpoint source pollution of surface water sources by 

grazing cattle may be reduced by decreasing stocking density or excluding grazing along 

sensitive streams or stream reaches. Other factors affecting distribution of grazing cattle like off-

stream water, nutrient supplementation, or shade locations or cross-fencing may provide 

opportunities to reduce the time that grazing cattle are near or in streams and, therefore, risk of 

nonpoint source pollution. However, the efficacy of such practices on cattle distribution may be 

superseded by inherent pasture characteristics or weather conditions. 

 

Biotic factors: Forage quantity and quality 

As the primary factor driving cow distribution within a grazing unit (i.e. rangeland allotment or 

pasture) is the need to maximize nutrient intake, the distribution of forage within rangeland is a 

major factor controlling distribution of grazing cattle (Bailey, 2005; Johnson et al., 2016). In 

Oregon mountain rangeland, riparian meadows produced 12 to 16 times more forage than 

grasslands or forest communities (Bryant, 1982; Gillen et al., 1984). In Wyoming rangeland, 

forage mass along a channel was 1.8 times greater than in the uplands (Smith et al., 1992a). 

Thus, within semi-arid rangelands, 81% of the forage removed by cattle is from riparian areas 

even though this area represents 2% of the grazing unit (Kauffman and Krueger, 1984). In 

addition, because of forage growth in logged areas of forests, grazing cattle prefer grazing logged 

sites in forests as long as adequate water is present (Johnson et al., 2016). 

 

In Wyoming rangeland, cow distribution was also related to standing crop mass (r = 0.51) across 

months (Pinchak et al., 1991). At least, in part caused by forage distribution, the proportion of 

time that cattle are present in riparian areas is much greater than the proportion of riparian area in 
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rangeland grazing allotments if no management practices are used to alter livestock distribution. 

Cattle were present in a riparian meadow for 47% of the time observed even though this area 

represented 5% of a 4,675 ha allotment in Oregon mountain rangeland (Gillen et al., 1984; Table 

2-1). Cattle were present in the channel and the flood plain for 24 and 41% of the time observed 

even though these areas represented 1.9 and 14.9% of a 49,900 ha allotment in Wyoming 

rangeland (Smith et al., 1992a). Cattle were observed in riparian vegetation for 56% of the time 

observed in 12 to 15 ha pastures in Oregon rangeland (Parsons et al., 2003). It’s important to 

note that these values may be somewhat higher than the actual proportion of daily occupation as 

the observation periods were during daylight, 12, and 13 hours in the studies of Gillen et al. 

(1984), Smith et al. (1992a), and Parsons et al. (2003), respectively, to permit visual 

observations. Because cattle likely do not sleep near pasture streams, the proportion of time that 

cattle were within the riparian zones in Iowa pastures measured over 24 hours/day with GPS 

collars was nearly 43% lower than the proportion of time that cattle were within riparian zones 

measured over 12 hours by visual observation (Haan et al., 2010).  

 

As the nutritional quality of forage also affects the ability of grazing cattle to maximize nutrient 

intake, it likewise drives the temporal/spatial distribution of grazing cattle (Launchbaugh and 

Howery, 2005). In rangeland environments, crude protein concentration is the major forage 

nutrient affecting the location of free-ranging cattle with its importance even surpassing yield 

(Ganskopp and Bohnert, 2009). In Wyoming rangeland, Pinchak et al. (1991) reported 

coefficients of 0.23 and 0.56 for the correlations of forage crude protein concentration and yield 

with the observed use among grazing sites. Forage crude protein concentration will vary both 

seasonally and spatially, being greatest in the spring and early summer in both upland and 

riparian areas and, depending on plant species, remaining higher in riparian areas later in the 

summer and fall (Bailey, 2005). In such situations, the reduced forage protein may cause the 

lower occupation of riparian zones in the spring and early summer and greater occupation of 

riparian areas in the late summer and fall observed in some studies (Marlow and Pogacnik, 1986; 

Bailey, 2005). Cattle were present in a riparian meadow for 24 and 34% of the time observed 

when grazing in early and late summer even though this area represented 3% of a 3,610 ha 

allotment in Oregon mountain rangeland (Gillen et al., 1984). Similarly, cattle were present in 

riparian vegetation for 37 and 74% of the time observed in 12 to 15 ha pastures in Oregon 

rangeland when grazed in early or late summer (Parsons et al., 2003). These results imply that in 

locations where there are seasonal effects, practices that may alter cow distribution like off-

stream water and nutrient supplementation would be most valuable during seasons when cattle 

preferentially utilize riparian areas (DelCurto et al., 2005). However, because the patterns of 

forage growth and climate are site-specific, so are their seasonal effects on cow distribution. As 

the nutritional quality of forage did not change with the seasons, cattle were present in the 

channel for 7.2, 14.1, and 17.9% of the time observed and in the riparian zone for 48, 50, and 

54% of the time observed in spring, summer and fall even though these areas represented 1.9 and 

14.9% of a 49,900 ha allotment in Wyoming rangeland (Smith et al., 1992a). Similarly, in 

grazing allotments of 21,759, 11,990, and 10,237 ha, Johnson et al. (2016) observed no effect of 

season on the proportion of time cattle were within 30 m of streams (0.88% in June to 2.43% in 

September), increasing proportion of time cattle were within 30 m of streams late in the season 

(0.42% in June to 7.56% in September), and decreasing proportion of time cattle were within 30 

m of the stream late in the season (9.68% in April to 0% in August and September) in the three 

respective allotments. Furthermore, climatic effects on cow distribution may supersede effects of 
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forage quality. In 154 and 195 ha pastures in northeast Oregon mountains, the proportion of time 

that cattle were in the riparian area decreased from 55 to 8% of the time as ambient temperatures 

decreased from nearly 20 to 5oC (Bryant, 1982). Thus, seasonal management of cow distribution 

will need to be both site and seasonally specific. 

 

Because pasture sizes are more limited and differences in soils, climate, and forage species 

across pastures in the eastern humid region (east of the 98th meridian) are less extreme than 

western rangelands, forage yield and nutritional quality is less likely to be a driver of cow 

distribution in eastern pastures than western rangelands. However, the primary forage species in 

eastern United States is tall fescue (Festuca arundinacea), growing on nearly 40 million acres of 

pastures and hay fields. This grass species is commonly infected by an endophytic fungus, 

Neotyphodium coenophialium, which produces toxic ergopeptides (Aldrich et al., 1993). These 

ergopeptides are potent vasoconstrictors which inhibit thermoregulation, resulting in increased 

core body temperatures when exposed to high ambient temperatures (Al-Haidary et al., 2001). 

While it has been observed that cattle grazing endophyte-infected tall fescue spend more time in 

shade or water sources, little research exists quantifying this effect. Bear et al. (2012a) found 

minimal effects of the proportion of tall fescue on the proportion of time cattle were in and 

within 30 m of streams or ponds (4 to 19% of the time) in six southern Iowa pastures. But the 

lack of a significant relationship may have resulted from the low number of replicates, the low 

proportion and little variation in the proportion of tall fescue in these pastures (20 to 50%) and/or 

the greater effects of pasture size. In addition, the greater humidity experienced in the eastern 

United States may increase the proportion of time that cattle are in streams as the probability of 

cattle being within 30 m of a stream will increase by 7.2% per each unit increase in the 

temperature-humidity index in 12.1 ha pastures with unrestricted stream access (Haan et al., 

2010). 

 

Abiotic factors: Pasture size and shape 

While much of the western rangelands are large enough to add allow for free-ranging, the size 

and shape of many pastures in the humid eastern region may be limited by cropland, buildings, 

or other uses to long, narrow strips along streams (Schwarte et al., 2011a). Bear et al. (2012a) 

observed that size of pastures (13 to 125 ha) in southern Iowa was the largest factor for cattle 

being in and within 30 m of streams (Proportion of time = 35.4 – 0.83x + 0.005x2 where x = 

pasture size, ha; r2 = 0.61). Similarly, Bisinger et al. (2014) found that cows with unrestricted 

stream access spent 10 and 28% of the time in the riparian areas and 4 and 8% of the time in the 

streams of 12.1 (7.5% riparian) and 4.0 (23% riparian) ha pastures in central Iowa. Thus, to 

properly quantify the risk that grazing beef cattle pose to surface water quality in the eastern 

United States, the size, shape and stocking rate of all pastures with streams or rivers need to be 

measured through GIS technology. Smaller pastures are more likely to require more restrictive 

methods of preventing stream access with fencing like riparian buffers and/or rotational grazing 

than larger pastures to minimize risks to water quality. Furthermore, as the effects of any 

treatment to alter the temporal/spatial distribution like off-stream water or nutrient supplement 

may be superseded by pasture size and shape, it essential to evaluate these treatments on 

commercial-scale pastures. 

 

While considerably larger grazing allotments are common in western rangelands, pasture size 

will have similar effects on cow distribution in western rangeland as on eastern pastures. Grazing 
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30 ha pastures in Wyoming with 4.5 and 25.5% of the area in the channel and floodplain of a 

stream resulted in cattle being in the channel and floodplain 23.7 and 40.6% of the time in 

comparison to spending 13.1 and 34.0% of the time when cattle were grazing a 49,900 allotment 

with 1.9 and 14.9% channel and floodplain habitat, respectively (Smith et al., 1992a). 

 

Abiotic factors: Fence  
Fencing may be used to exclude access to streams, limit access to stabilized access sites, or 

control access to riparian paddocks in a rotational grazing system. While total exclusion prevents 

cow access to streams, limiting stream access to stabilized access sites or use of a riparian buffer 

in a rotational grazing system can effectively reduce the proportion of time cattle are in pasture 

streams and riparian areas if properly managed. In Iowa pastures, restricting stream access to 5 m 

sites stabilized with gravel, reduced the proportion of time cattle were in the riparian area by 79 

and 60% and reduced the proportion of time cattle were in the stream by 75% in both 4.0 and 

12.1-ha pastures compared to providing unrestricted access (Bisinger et al., 2014). The efficacy 

of a riparian paddock in altering cow distribution will depend on the management of the 

paddock. Thus, in Iowa, limiting grazing within a riparian paddock (comprising 7.5% of pasture) 

to no greater than 4 days per rotation and to a minimum residual stubble height of 10 cm reduced 

the proportion of time cattle were in the riparian area or stream by 75 to 88% and 91 to 94% 

compared to continuous grazing with unrestricted stream access (Haan et al., 2010; Schwarte et 

al., 2012b). While all current research evaluating the effects of fencing has been done with 

traditional fencing methods, GPS or other technologies may be used to create invisible fences to 

provide similar effects (DelCurto et al., 2005).  

 

Abiotic factors: Slope  
Because of the energy cost associated grazing of slopes as well as the lack of water and 

decreased forage availability on slopes, slope gradient is the major physical factor affecting cow 

distribution in mountain environments (r = -0.24; Gillen et al., 1984). In mountain environments, 

cattle prefer to avoid grazing on slopes greater than 20 to 35% (Bryant, 1982; Gillen et al., 

1984). Bryant (1982) found that over the grazing season in mountain rangeland in Oregon, 

mature cows and yearling cattle were present 50% of the observed time at slopes less than 20%. 

Even in Florida, Sigua et al. (2010) observed that cattle spent 40 to 50% of the time grazing at 

the bottom of hills with slopes up to a 20%. This poor distribution of cattle in rangeland and 

pastures with slopes greater than 20% implies that either the stocking rate should be decreased or 

some practice to improve cattle distribution should be used. 

 

DelCurto et al. (2005) reported in Oregon rangeland that early in the grazing season mature cows 

grazed further in the uplands from riparian areas than first-calf heifers, but this difference was 

lost with decreasing upland forage availability later in the grazing season. However, Bailey et al. 

(2001) observed that younger cows travelled farther both horizontally and vertically to water 

than older cows. Also, non-lactating cows use steeper slopes than lactating cows, but do not 

travel as far horizontally to water as lactating cows in Montana rangeland (Bailey et al., 2001). 

While different breeds and individual cows seem to prefer steeper terrain than others, Bailey et 

al. (2004) found no difference in the time spent near water sources. However, Bailey et al. (2006) 

found that in Montana rangeland, ‘high climbing’ cattle travelled 41 m more horizontally and 6 

m more vertically to water than ‘bottom dwelling’ cattle resulting in a 5.2 cm (13.3 to 8.1 cm) 

difference in stubble height in the riparian areas and coulee bottoms of pastures which would be 
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desirable for water quality. Because of the uncertainty in the understanding of the effects of cow 

breed and physiological status on temporal/spatial distribution, use of cattle type to reduce the 

proportion of time cattle are in riparian areas would be challenging at this time. 

 

Abiotic factors: Off-stream water 

As water distribution within rangelands is a major factor affecting cattle distribution (Pinchak et 

al., 1991; Skinner et al., 1992), water has been the most effective tool after fencing to reduce the 

percentage of time that cattle are in riparian areas or streams in western rangelands (Ganskopp, 

2001). Nine of 10 studies reviewed by George et al. (2011) reported that off-stream water 

developments reduced time spent in riparian areas of western rangelands. However, the efficacy 

of off-stream water in altering cow distribution is dependent of season, topography, vegetation, 

weather, and behavioral differences between animals. In a frequently cited reference, Miner et al. 

(1992) found that providing off-stream water to cows in a winter pasture reduced the proportion 

of time cows were in a stream from 6.4 to 0.2% of the observed time. Porath et al. (2002) found 

that while the mean proportion of total time spent in the riparian zone of 12 ha Oregon rangeland 

pastures (57%) did not differ, cattle provided with off-stream water at a distance of 450 to 520 m 

from the stream spent nearly 25% less time in the riparian zone in the afternoon than cows not 

provided with off-stream water. Gillen et al. (1984) found off-stream water to only be 

moderately associated with distribution of cattle in Oregon mountain rangeland apparently 

because natural water sources were well-distributed across riparian meadows. Similarly, Bryant 

(1982) did not find off-stream water to be effective in altering cow distribution in 154 and 190 ha 

pastures in Oregon rangeland indicating that available forage mass have superseded the effects of 

off-stream water. 

 

The differences in the efficacy of off-stream water to alter the proportion of time cattle are in 

riparian areas or streams may relate to the horizontal and/or vertical distances water sites are 

from the stream. In fact, these two variables were found to be the most significant predictors of 

grazing livestock distribution in Oregon mountain rangeland (Ganskopp and Bohnert, 2009). 

Pinchak et al. (1991) reported that cows in a 4,597 ha Wyoming grazing unit preferred to graze 

within 366 m of a water source (77% of the AU days). However, Ganskopp (2001) observed in 

825 to 859 ha pastures in Oregon rangeland that cattle preferred to remain within 1.16 km of 

water and the maximum distance they’d move from water was 2.9 km. Thus, Rigge et al., (2013) 

found that off-stream water sites should be placed from 200 to 1250 m from a stream to protect 

riparian areas in South Dakota rangeland. Differences in distances cattle will travel to water are 

dependent on topography (Bailey, 2005). On gentle rolling land and/or more arid areas, the 

horizontal distance to water affects the efficacy of water to alter cow distribution. However, in 

mountain pastures, the relationship between slope and vertical distance to water may be more 

accurate in predicting cow distribution.  

 

In contrast to western rangeland, off-stream water has rarely been found effective in altering the 

proportion of time cattle were in riparian areas or streams in eastern pastures. In 14.2 and 16.6 ha 

pastures in Virginia, providing off-stream water reduced the proportion of observed cattle were 

in streams by 51.2% (6.5 minutes; Sheffield et al., 1997). Also, in a 17.5 ha pasture with little 

nonriparian shade in Georgia, off-stream water reduced the proportion of cattle were in the 

riparian area by 56% (5.5 to 2.4%; Byers et al., 2005). However, off-stream water was not 

effective in reducing the proportion of time cattle were in riparian areas or streams in 15.3 ha 
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pastures with significant nonriparian shade in Georgia (Byers et al., 2005), 2.3 to 3.4 ha pastures 

in Kentucky (Agouridis et al., 2005a), 3.3 to 6.9 ha pastures in Alabama (Zuo and Miller-

Goodman, 2004), 4.0 ha pastures in Iowa (Bisinger et al., 2014), 12.1 ha pastures in Iowa (Haan 

et al., 2010; Schwarte et al., 2012b, Bisinger et al., 2014), and 1.5 to 25 ha pastures in Australia 

(Kaucner et al., 2013). The ineffectiveness of off-stream water to reduce the proportion of time 

grazing cattle are in or near streams may relate to the high proportion of tall fescue and/or high 

temperature-humidity indices in the eastern humid region of the United States. Franklin et al. 

(2009) found that in 15.3 to 17.5 ha pastures in Georgia, providing off-stream water sources at 

distances of 91 and 81 m from streams reduced the proportion of time that cattle were in a stream 

from 5.6 to 2.0% of the day when the temperature-humidity index was less than 72, but had no 

effect on cow distribution when the temperature-humidity index was greater than 72. Pasture 

size, the distance between off-stream water sources and streams, or shade distribution may also 

supersede the effects of off-stream water sources on cow distribution in pastures in the eastern 

United States. 

 

Abiotic factors: Off-stream nutritional supplementation 

In experiments in which the effects of off-stream water on the proportion of time cattle are 

present in riparian areas, plain or trace mineral salt have been placed near the off-stream water 

locations thus confounding the effects of off-stream water and salt (Porath et al., 2002; DelCurto 

et al., 2005; Haan et al., 2010; Schwarte et al., 2012b; Bisinger et al., 2014). However, in 

experiments where off-stream water and salt supplementation were compared separately, off-

stream salt supplementation had no effect on distribution in cattle that were freely ranging in 

rangeland pastures from 825 to 4,675 ha (Bryant, 1982; Gillen et al., 1984; Ganskopp, 2001). 

But low-stress herding to salt blocks located 600 m from streams reduced the proportion of time 

that cattle were in riparian areas by 36% (33.3% of observed time) compared to providing salt 

blocks (51.7% of observed time) to free ranging cattle (Bailey et al., 2008b). 

 

In Montana, free ranging cattle supplemented with low-moisture blocks (containing molasses, 

protein, and minerals) travel 9% farther horizontally from water and 11 m higher on steeper 

slopes than cattle supplemented with salt blocks in 258 to 329 ha pastures (Bailey et al., 2008a). 

In California, George et al. (2008) observed that low-moisture blocks placed 600 m from a water 

source in 75 ha pastures reduced the proportion of time cattle were in riparian areas by 62% 

(14% of observed time) compared to no supplementation (37% of observed time). Bailey and 

Welling (2007) reported than low-moisture blocks were also more attractive than conventional 

dry protein supplements to modify grazing patterns in rangeland in 123 to 167 ha pastures in 

Montana. Cattle supplemented with low-moisture blocks spent 17% (10% of observed time) less 

time in the riparian area than cows supplemented with range cake three times per week at 

locations that were 3 to 5o less steep and 40 to 45 m lower than the low moisture block sites in 

258 to 329 ha pastures in Montana (Bailey and Jensen, 2008). However, there were no 

differences in the proportion of time cattle supplemented with salt or low-moisture blocks, if the 

cattle were herded to those locations in mid-morning each day in 541 to 591 ha pastures in 

Montana (Bailey et al., 2008b).  

 

Because nutritional supplements can attract cattle congregation to an area, it is essential to place 

any supplements at an adequate distance away from surface water sources. In general, low-

moisture blocks have been found to be effective at altering cow distribution if placed a minimum 
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of 600 m from a surface water source (Bailey and Welling, 2007; Bailey et al., 2008a, George et 

al., 2008). Not only will placing nutritional supplements too close to water source cause transport 

of sediment, nutrients, and pathogens from bare ground and manure in precipitation runoff (Tate 

et al., 2004), but also cause pollution of nutrients from wasted feed as well (Bailey and Jensen, 

2008; Lenehan et al., 2005). Sanderson et al. (2010) found increased soil nutrients at a median 

distance of 61 m from feeding sites, holding sites, and gates which nearly doubled total 

phosphorus loss in runoff from simulated precipitation on the bare areas at these sites. However, 

adequate vegetation present between the feeding site and the surface water source acted as a 

buffer limit phosphorus loss in runoff. 

 

Abiotic factors: Shade 

It is recognized that shade use by grazing cattle increases dramatically with increasing 

temperature and humidity. In central Iowa, Haan et al. (2010) observed that the probability of 

cattle being in the shade increased 14.5% for each 1-unit increase in the temperature-humidity 

index in cows having unrestricted stream access in 12.1 ha pastures with natural shade over 1.4 

to 13.8% of the total pasture and 3.6 to 23.7% of the riparian zone. 

 

Shade may be nearly as effective as water in controlling the distribution of grazing cattle 

(McIlvain and Shoop, 1971). The congregation of cattle has resulted in 4.8 times greater 

inorganic nitrogen and 2.5 times greater total phosphorus concentrations in soils immediately 

under shade than by water troughs in pastures that had no natural surface water source in Florida 

(Sigua and Coleman, 2006). Unfortunately, in many pastures, shade trees are concentrated near 

pastures streams and, thus, may promote congregation of cattle in riparian zones. In 8.0 to 15.8 

pastures in Iowa, Bear et al. (2012a) found the proportion of time cattle were in riparian areas 

increased as the proportion of total pasture shade in the riparian area increased (Proportion of 

time in riparian area = 2.58 + 0.39x, where x = % of total pasture shade in riparian zone, r2 = 

0.42).  

 

Because of the effects of shade on cattle distribution, providing off-stream shade has been 

proposed as an approach to reduce the proportion of time that cattle are in riparian areas and 

streams (Launchbaugh and Howery, 2005). However, in 3.3 to 6.9 ha pastures in Alabama, Zuo 

and Goodman-Miller (2004) found no effect of off-stream shade on the proportion of time cattle 

spent in riparian habitats. It is likely that this lack of response of cattle distribution to upland 

shade was caused by the small size of the pastures. While finding no differences with increasing 

temperatures in the probability of cattle being in shade in total pastures that were 4 or 12.1 ha in 

size, the probability of cattle being in riparian shade increased to as much as 35% in 4 ha 

pastures while only increasing to 19% in 12.1 ha pastures at 35oC in Iowa (Bisinger et al., 2014), 

implying that if provided a choice, grazing cattle would prefer to utilize upland shade. Thus, 

while providing access to a water trough decreased the time cattle were under riparian shade by 

65% in 15.3 to 17.5 ha pastures in Georgia, (26 to 74 minutes/day), it did not affect the time that 

cattle were in nonriparian shade (320 to 290 minutes/day; Franklin et al., 2009). While effective 

in reducing the proportion of time cattle are in riparian streams, Bear et al. (2012a) found that the 

proportion of the total pasture within the riparian zone was more important in determining the 

proportion of time cattle are in riparian zones (r2 = 0.62) than shade distribution. Thus, in Iowa, 

Brown et al. (2014) found that the amount of time that cattle are in streams (y in hours/day) can 

be predicted by the equation (y = 0.12ex, r2 = 0.94 where x is the daily minimum temperature 
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[oC]) when the proportion of total pasture near the stream is less than 0.2 and the proportion of 

total pasture as riparian shade is greater than 0.01. 

 

Although artificial shade structures have been shown to alter cow behavior and reduce heat stress 

in New Zealand (Tucker et al., 2008), a study in Nevada showed no effect of their use on the 

proportion of time cattle were present in riparian areas (Bailey, 2005). 

 

Integrating management practices  

While research experiments generally attempt to limit the number of variables in an experiment 

to only those being evaluated, the inherent variability in biotic and abiotic factors affecting 

distribution of grazing cattle makes this virtually impossible. Furthermore, the heterogeneity of 

these factors increases with the size of grazing units and the temporal/spatial variability in 

climate and management. While Johnson et al. (2016) found that cows spent annual averages 

(over 5 years) of 0.74, 2.54, and 0.86% of the time in the riparian zones of 21,759, 11,900, and 

10,237 ha allotments in Oregon, these percentages were driven by temporal/spatial variation 

forage mass, water developments, fencing, the location where cattle entered an allotment, and 

herding. Thus, “streams and their associated buffer areas vary substantially in relative use. Some 

perennial streams on these allotments were not used, while others were frequently used. Large 

percentages of the length of those streams that were visited by collared cattle had minimal 

occupancy rates, as would be expected in mountainous environments where access to the stream 

may be blocked by topography, shrubs and brush, steep banks and other obstacles. Pathways 

from favorite grazing areas to the streams would also be expected to funnel animals to specific 

locations for watering. In addition, roadways and jeep trails that parallel the stream affect cattle 

travel routes within the allotments and influence where along the stream cattle water” (Johnson 

et al., 2016). Consequently, identifying such locations may provide the opportunity to 

strategically locate practices such as stabilize access sites to minimize stream damage. 

 

If grazing units are of adequate size to affect distribution, the best management practices to 

control the distribution of grazing cattle to preserve water quality in streams will largely be 

dependent on the availability of off-stream water (Hart et al. 1993). In Wyoming rangeland, if 

cattle had to walk no more than 3 km to water, there was no difference in the distribution of 

cattle in pastures that grazed by continuous or rotational stocking. However, if cows had to walk 

greater than 3 km to water, then use a physical method to control access to riparian areas like 

rotational grazing may be warranted.  

 

Management effects on water quality of surface water resources 

As demonstrated above, nonpoint source pollution of streams, rivers, reservoirs and lakes are 

natural processes that are accelerated either directly or indirectly by many anthropogenic 

activities including livestock grazing. Because of the contributions of the natural processes and 

the effects of temporal/spatial variations in climate, water sources, soils, topography, and 

vegetation on nonpoint source pollution, it is difficult to quantify the contributions of livestock 

grazing themselves. However, as further established above, management practices may be 

utilized to alter the temporal/spatial distribution of grazing cattle to reduce the risks of them 

contributing to nonpoint source pollution. Because of the background effects, perhaps the best 

that can be done to evaluate the efficacy of different practices is to qualitatively rank them, as 

done by Platts (1990) and cited in a review by George et al. (2011; Table 2-2). However, in 
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different experiments, researchers have attempted to quantify the effects of these practices on 

water quality of surface water resources either through direct measurements of the concentrations 

of nonpoint source pollutants in water resources or indirect measurements of streambank erosion 

or sediment, nutrient and/or pathogen loading of runoff of natural or simulated precipitation. 

These management practices can range from being highly restrictive, using fence to create 

exclosures that totally prevent stream access to grazing cattle to being more moderate, utilizing 

fence to allow stream access at stabilized sites or to create riparian paddocks in which cattle have 

limited or deferred access to streams to being totally unrestrictive decreasing stocking density or 

utilizing attractants like off-stream water or nutrient supplements to lure cattle away from 

streams. 

 

Riparian buffers or exclosures 

Quantifying stream water quality and/or its related attributes in riparian areas can either be 

looked at as a measure of the effects of grazing on these characteristics or on the efficacy of 

management practices that prevent grazing of a given stream or stream reach such as riparian 

buffers or nongrazed exclosures. Certainly, it seems that putting a physical barrier to prevent 

access of streams to grazing cattle will minimize the risks of grazing cattle contributing to 

nonpoint source pollution. Such a barrier may become particularly important in pastures that are 

small, narrow, and/or heavily stocked.  

 

There are papers that have shown that continuous grazing promotes characteristics like reduced 

sward height, and increased bare ground and manure cover in riparian areas. In a Minnesota 

study in which pasture size was not reported, bare ground along streambanks in a continuously 

grazed pasture (46%) was nearly 3.8 times greater than a grassy buffer (12%; Sovell, 2000). In 

Virginia, the forage mass along streambanks in five pastures grazed at an average of 30.4 AU/ha 

(1,120 kg/ha) was 49% lower than ungrazed buffers (2,190 kg/ha; Raganath et al., 2009). In 

Alberta, Canada, the forage mass (637 kg/ha) was 58% lower and the proportion of bare ground 

(13.6%) was 2.9 times greater in the riparian areas of 10 ha pastures grazed by continuous 

stocking at 0.47 AUM/ha than ungrazed buffers (1,500 kg/ha and 4.7%; Miller et al., 2010). In 

Iowa, the residual forage height (9.8 cm) was 62% lower and the proportion of bare ground (5%) 

was 4.2 times greater in the riparian areas of 12.1 ha pastures grazed by continuous stocking at 

1.24 cows/ha than ungrazed buffers (25.3 cm and 1.2%; Schwarte et al., 2011b). Similarly, 

grazing reduces vegetation in the upland areas of pastures. In North Dakota, grazing of land 

previously in the Conservation Reserve program by continuous stocking at .58 cows/ha 

decreased forage mass in the uplands (616 kg/ha) by 31% compared to leaving the land 

undisturbed (890 kg/ha; Gilley et al., 1996). In Minnesota, in pastures grazed by continuous 

stocking, forage height (16 cm) in the riparian zone was 73% less than ungrazed pastures (59 cm; 

Magner et al., 2010) In Iowa, simulating continuous grazing in 0.4 ha pastures to a minimum 

forage height of 5 cm, resulted in a reduced forage height (5.6 cm) by 71% and an increased 

proportion of bare ground (12.3%) by 15 times compared to ungrazed paddocks (19.3 cm, 0.8%; 

Haan et al., 2006). Thus, continuous grazing may increase the risks of nonpoint source pollution 

by reducing forage density, as measured directly or by forage height, by 31 to 73% and 

increasing the percentage of bare ground by 2.9 to 15 times greater than ungrazed buffers or 

exclosures. However, the risks of nonpoint source pollution may not be directly related to these 

changes as the minimum residual forage height and maximum bare ground proportion to 

maintain riparian areas and water quality are 10 to 20 cm (Bryant et al., 2006) and 25% (Krueger 
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et al., 2002). In addition to above-ground vegetation, the roots of plants affect the risks of 

nonpoint source pollution through their relations to water infiltration and streambank stability. 

Short-term (10-day) grazing at 0.33 AUM/ha in Wyoming did not affect root biomass near 

ephemeral streams (Smith et al., 1993). Also, season-long continuous grazing to a residual 

stubble height of 5 cm in Iowa increased root length density in the upper 5 and 15 cm of soil by 

70 and 17%, respectively (Haan et al., 2007). Thus, grazing has increased soil organic matter 

content by as much as 25% compared to ungrazed exclosures in the southeastern United States 

(Franzluebbers and Stuedemann, 2009) which would be associated with increased water 

infiltration and water-holding capacity. In addition, with appropriate management to limit 

biomass consumption, maintain required minimum herbaceous vegetation height, restrict 

browsing of willow species, and limit hoof damage to streambanks, the species, richness, 

diversity, and frequency of meadow plant species that stabilize soils did not differ between 

grazed and ungrazed sites in the Inyo National Forest in California (Freitas et al., 2014). 

 

In addition to the mass and height of forages and the proportion of bare ground, the 

concentration of fecal deposits also contributes to the risk on nonpoint source pollution. Since 

the distribution of fecal and urinary deposits are proportional to the distribution of the cattle 

(Haan et al., 2010), the risk of fecal deposition on stream water quality would be best calculated 

by measuring the distribution of cattle by GPS collars and by determining the amount of fecal 

excretion (Schwarte et al., 2012a). However, location of fecal deposits have been determined in 

two studies. In 12 ha Oregon pastures stocked with 0.83 cows/ha, there were 0.22 fecal 

deposits/m stream compared to 0% in ungrazed controls (Porath et al., 2002). In 12.1 ha pastures 

in Iowa continuously stocked with 1.24 cows/ha, 0.6% of the area within 110 m of a stream was 

covered with feces compared to 0% in ungrazed controls (Schwarte et al., 2012b). 

 

To further estimate the risk of grazing on nonpoint source pollution of streams, rainfall 

simulations have been conducted to measure both the amount and composition of runoff. The 

majority of these studies have been conducted in upland areas. In a 32.5 ha pasture stocked at 

22.4 to 49.5 AUM in Nebraska, water infiltration rate (93.4%) was 7% greater and the 

concentrations of sediment (179 mg/L) and total phosphorus (1.3 mg/L) were nearly 2 and 72% 

lower than an ungrazed pasture (87.4% infiltration, 182 mg/L sediment, 4.7 mg/L total 

phosphorus; Doran et al., 1981). Furthermore, the concentrations of fecal coliforms (1,640/100 

ml) and streptococci (52,600/100 ml) in runoff from the grazed pasture were 45 and 47% lower 

than in precipitation runoff from an ungrazed pasture (2,960 and 100,400/100 ml, respectively) 

and the fecal coliform to fecal streptococci ratio implied that wildlife contributed a high 

proportion of the bacteria in the samples. However, grazing rangeland pastures in Texas at 0.22 

AU/ha reduced infiltration rate (33.8%) by 53% and increased sediment loss (5600 kg/ha) by 6.4 

times compared to no grazing (71.3%, 875 kg/ha; Thurow et al., 1986). In North Dakota, grazing 

of land previously in the Conservation Reserve program by continuous stocking at 0.58 cows/ha 

reduced rainfall infiltration (46.4%) by 53% compared to leaving the land undisturbed (100%; 

Gilley et al., 1996). Similarly, simulated grazing at a high stocking rate in Colorado decreased 

rainfall infiltration (32.7%) by 40% compared to no grazing (54.8%; Flenniken et al., 2001). In 

Iowa, simulating continuous grazing in 0.4 ha pastures to a minimum stubble height of 5 cm, 

reduced infiltration rate (55.4%) by 16% while increasing the sediment (16.5 kg/ha) and total 

phosphorus loss (0.07 kg/ha) by 12 and 10 times compared to ungrazed paddocks (65.9%, 1.4 

kg/ha; 0.007kg/ha; Haan et al., 2006). Within the riparian area of pastures in Alberta, Canada, 
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continuous grazing at 0.47 AUM/ha reduced simulated rainfall infiltration (55.2%) by 23% and 

increased sediment (558 kg/ha/h) and total phosphorus (1.8 kg/ha/h) by 1.4 and 1.4 times 

compared to an ungrazed riparian buffer (71.9%, 413 kg/ha/h; 1.3 kg/ha/h; Miller et al., 2010). 

Furthermore, along streambanks in 12.1 ha pastures continuously stocked at 1.24 cows/ha, 

continuous grazing reduced simulated rainfall infiltration (52.6%) by 36% and increased 

sediment (5.8 kg/ha) and total phosphorus (0.007 kg/ha) loss 1.9 and 1.8 times respectively, 

compared to ungrazed pasture (82%, 3.0 kg/ha, 0.004 kg/ha; Schwarte et al., 2011b). So, while 

the infiltration rate is higher and the losses of sediment and phosphorus in precipitation run lower 

in grazed than ungrazed pastures in the study of Doran et al. (1981), others studies report water 

infiltration to be 16 to 53% lower, losses of sediment to be 1.4 to 6.4 times greater, and losses of 

total phosphorus to be 1.4 to 10 times greater than pastures that are grazed by continuous 

stocking at heavy stocking rates and/or inadequate residual stubble heights (< 5 cm). 

 

As streambank erosion accounts of 70 to 99% of the sediment and phosphorus entering streams 

(Sharpley and Syers, 1979; Schwarte et al., 2012a), any effects of grazing on it would have major 

effects on water quality. Unfortunately, there has been no consistent measure of changes in 

streambank erosion. Thus, any effects of grazing on streambanks has to be made in relation to 

the change in the measure used in each individual study. In an Oregon pasture, grazing by 

continuous stocking during the summer at 0.59 to 0.77 AUM/ha increased streambank loss (27 

cm) by 3 times compared to an ungrazed buffer (9 cm) with 55% of the loss occurring during the 

winter while pastures were not grazed (Krueger et al., 1983). In Wisconsin, grazing by 

continuous stocking at 0.5 to 5.9 cows/ha increased the proportion of eroded streambank (34.6%) 

2.8 times in comparison to grassy buffers (12.3%; Lyons et al., 2000). In 2.2 to 3.4 ha pasture in 

Kentucky, the cross-sectional area of pastures continuously stocked 1.2 cows-ha increased by 

0.06 m2/yr while that within riparian buffers decreased by 0.15 m2/yr (Agouridis et al., 2005). In 

Minnesota pastures, the Pfannkuch index (a measure of streambank instability) of pastures 

grazed by continuous stocking at 0.6 to 1.6 cows/ha (PSI=93) was 1.5 times greater than 

ungrazed pastures (PSI=62; Magner et al., 2008). In Virginia pastures, the width to depth ratio of 

streams grazed by continuous stocking at 13.8 to 55.2 AU/ha (19.3) increased by 1.23 times in 

comparison to pastures in which cattle were excluded (15.7; Raganath et al., 2009). Schwarte et 

al. (2012a) found that grazing 12.1 ha pastures in Iowa by continuous stocking at 1.24 cows/ha 

tended to increase sediment (1,216 kg/m) and phosphorus (0.3 kg/m) by 1.8 and 2.5 times their 

losses in a riparian buffer (644 kg sediment/m; 0.117 kg/m) with 63% of the losses occurring 

during the winter. While the above studies showed increased streambank erosion resulting from 

grazing, there are studies that have shown no effects. In Oregon pastures, grazing at 0.31 

AUM/ha had no effect on streambank degradation (Buckhouse et al., 1981). Similarly, in Iowa, 

grazing 12.1 ha pastures by continuous stocking at 1.24 cows/ha did not affect sediment or 

phosphorus loss during the grazing seasons (Nellesen et al., 2011). Also, in Iowa, streambank 

erosion was not related to stocking rates ranging from 0 to 12 cow-days/m stream 

length/measurement period (r2 = 0.05; Bear et al., 2012b). Therefore, the effects of grazing by 

continuous stocking on sediment and phosphorus loading of streams from streambank erosion 

range from no effects to increasing their loads by as much as 3 times. As streambank erosion is a 

natural process, the large amount of variation in the response of streambank erosion to 

continuous grazing varies with temporal/spatial variation in stream, soil, topographic, vegetative, 

and climatic properties as well as variation in pasture size, shape, and stocking rate and the 

sensitivity of the measurement used. As a result of these variations and the low number of 
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replicates (2), even a large difference in streambank erosion between streams in pastures grazed 

by continuous stocking and riparian buffers was not statistically significant (Schwarte et al., 

2011a). 

 

There are a limited number of studies actually quantifying the effects of grazing on stream water 

quality. In a North Carolina stream in a 14.9 ha pasture stocked 50 to 160 dairy cows year-round, 

total sediment (12.7 Mg/wk), total phosphorus (54.2 kg/wk), and total kjeldahl nitrogen (127.8 

kg/wk) decreased by 74, 70, and 69% after installation of a riparian buffer (Line et al., 2003). In 

an Indiana stream in a 4 ha pasture stocked at 6.25 cows/ha year-round, concentrations of total 

sediment (96 mg/L), total phosphorus (0.38 mg/L), total kjeldahl nitrogen (3.3 mg/L), and E. coli 

(32,188 cfu/100 ml) were 4, 2.9, 2.8, and 24.8 times greater downstream of the pasture than 

upstream of the pasture (24 mg sediment/L; 0.13 mg total phosphorus/L; 1.2 mg total kjeldahl 

nitrogen/L; 1,296 cfu/100 ml; Vidon et al., 2008). In Texas, a simulation of a 76,300 ha 

watershed showed that the annual sediment load of a rangeland grazed by heavy stocking 

(91,000 tons/yr) was 1.9 times greater than ungrazed exclosure (49,000 tons/yr; Park et al., 

2015). In Georgia, streams in agricultural areas used primarily for grazing, mean concentrations 

of suspended solids (3.0 to 5.9 mg/L), dissolved phosphorus (0.01 to 0.03 mg/L), and total 

kjeldahl nitrogen (0.15-0.23 mg/L) were 3.8 to 7.4 times, not different to 3 times, and 1.2 to 1.8 

times greater than those in riparian buffers (0.79 mg suspended solids/L, 0.01 mg dissolved 

phosphorus/L, 0.13 mg total kjeldahl nitrogen/L), but the concentrations of E. coli (281 to 532 

cfu/100 ml) did not differ in water from streams in pastures or riparian buffers (Muenz et al., 

2006). In contrast to the above studies, while streams in 1.8 and 2.2 ha pastures stocked with 2.5 

dairy cows/ha in Ontario, Canada had 1.6 times greater concentrations of fecal coliforms 

downstream (839 cfu/100 ml) for the pasture than downstream of a riparian buffer (541 

cfu/100ml), concentrations of total phosphorus (17.7 mg/L), E.coli (5,580 cfu/100 ml), and 

Cryptosporidium oocysts (1.02/100 L) in water downstream of the pastures were 15, 10, and 

85% lower than downstream of the riparian buffer (20.9 mg total phosphorus/L; 6,200 cfu E. 

coli/100 ml); 6.72 Cryptosporidium oocysts/100 L; Sunohara et al., 2012). Similarly, Bear et al. 

(2010) found no difference in fecal coliform concentrations in streams in vegetative buffers to 

those grazed at stocking rates up to 12 cow-days/m/measurement period.  

 

Thus, grazing at high stocking densities may increase suspended sediment by 1.2 to 7.8 times, 

total phosphorus by 1.3 to 3.0 times, and total kjeldahl nitrogen by 1.3 to 1.8 times in streams 

compared to streams in riparian paddocks or exclosures. However, as the majority of these 

studies have been conducted at high stocking rates in small pastures, caution needs to be used 

when considering their results. Furthermore, there is considerable variation in the responses, 

particularly in the pathogen loading, that was likely caused by natural background. 

 

Also, the effectiveness of riparian buffers in filtering of sediment, nutrient, and pathogens is 

dependent on the vegetation, soil, and topography as well as the size of the buffer and the length 

of time that the buffer has been in place (Pearce et al., 1997; Atwill et al., 2002; Sarr, 2002; 

Agouridis et al., 2005). While damage to a stream through improper grazing management may 

occur rapidly, recovery from that damage may have substantial time lags requiring many years 

for full recovery (Sarr, 2002; Agouridis et al., 2005). Furthermore, while vegetative buffers may 

be sinks for trapping sediment and nutrients like phosphorus from immediately entering surface 
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water sources, they may become a source for ‘legacy’ phosphorus if not managed to remove that 

phosphorus through forage harvest at some point (Sharpley et al., 2013). 

 

Grazing intensity 

As previously discussed, because it provides roots to strengthen streambanks, reduce soil water 

content, and promote water infiltration and vegetation to reduce raindrop impact, trap sediment 

and nutrients in flood or rainfall runoff flow, and limit freeze-thaw activity on streambanks, 

maintaining adequate vegetation in riparian areas is key to maintaining water quality in streams, 

rivers, reservoirs, and lakes. It has been proposed that maintaining a minimum forage stubble 

height of 10 cm is a short-term guide to attain these long-term ecological objectives (Clary and 

Leininger, 2000). While this height may vary depending on the predominant vegetation (Clary 

and Leininger, 2000) and its efficacy may be improved by considering additional factors such as 

vegetation cover, above ground biomass, percentage of shrubs, surface roughness coefficient, 

soil texture, topography, and vegetation density (Pearce et al., 1998b), surface water quality may 

be maintained through grazing management practices that maintain adequate vegetation 

particularly in riparian areas. Management of forage density may be done by managing the 

grazing intensity either by altering the stocking rate or managing the temporal/spatial distribution 

of grazing cattle through the use of fences and/or off-stream attractants.  

 

In extensive reviews of the literature, Briske et al. (2011) and Sollenberger et al. (2012) reported 

that stocking rate is the most effective management tool to maintain riparian vegetation, soil, and 

water quality in western rangelands and eastern pastures, respectively. A major limitation in 

evaluating the effects of grazing intensity is the variability in its definition as affected by the soil, 

vegetation, and climate. In a review of 18 studies, Trimble and Mendel (1995) found that ‘light’ 

grazing ranged from 0.17 to 1.5 AUM/ha (average 0.65 AUM/ha), ‘moderate’ grazing ranged 

from 0.16 to 3.7 AUM/ha (average 1.2 AUM/ha), and ‘heavy’ grazing range from 0.22 to 7.4 

AUM/ha (average 2.5 AUM/ha). 

 

Vegetative cover and standing crop have been found to greatly influence precipitation infiltration 

rates (McCalla et al., 1984; Haan et al. 2006). In a review of refereed papers on stocking rate 

effects in western rangelands, Briske et al. (2011) found that 69% (25 of 36) reported that 

reducing the stocking rate increased the standing crop production, but only 24% (5 of 21) found 

that reducing stocking rate increased ground cover. Similarly, in Iowa, forage stubble height 

decreased (r2 = 0.34) and manure cover increased (r2 = 0.31) within 15 m of streams as stocking 

rates increased, but bare ground near the streams was unaffected by stocking rate (Bear et al., 

2012b). In contrast, reducing the stocking rate of Texas rangeland from 2.9 to 2.0 AU/ha in 

intensive rotational systems did not affect vegetation biomass, but reduced the proportion of bare 

ground by 17% in the uplands (26.4 from 31.5%; Warren et al., 1986b). Reducing the stocking 

rate of Texas rangeland grazed by heavy continuous grazing (0.22 AUM/ha) to moderate 

continuous grazing (0.12 AUM/ha) increased the standing crop 4.4 times from 304 to 1324 kg/ha 

(Thurow et al., 1988). In Wyoming, pastures grazed by continuous stocking at 21.6 steer-days/ha 

(6%) had 67% less bare ground than pastures grazed at 62.7 steer-days/ha (18%; Manley et al., 

1997). Similarly, in Alberta, Canada, forage litter mass in meadow brome grass pastures grazed 

by continuous stocking at 19.6 AUM/ha were 2.4 times greater than pastures grazed at 45.2 

AUM/ha (Mapfumo et al., 2002). Furthermore, this reduction in stocking rate increased soil root 

mass and soil organic carbon to a depth of 60 cm by nearly 48%. However, in their review, 
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Briske et al. (2011) cautioned that the responses of soil organic carbon to stocking rate is 

equivocal because of the limited number of studies and the decreased response of soil organic 

carbon with increasing longevity of management practices. Thus, reducing stocking rates of 

grazed pastures and rangeland will generally improve vegetative properties that will enhance 

water quality of surface water sources. But temporal/spatial variations in site characteristics, 

climate and management make quantification of these effects difficult. 

 

In a review of 13 papers in western rangelands, Trimble and Mendel (1995) found no difference 

in precipitation infiltration rates between ungrazed rangeland and rangeland grazed at low or 

moderate grazing intensities. However, infiltration rates were significantly reduced in rangeland 

grazed at heavy intensities. Thus, soil erosion (sediment losses) in midgrass and shortgrass 

rangeland grazed at a moderate stocking rate (0.16 AU/ha) were 76% lower than those grazed at 

a heavy stocking rate (0.22 AU/ha; Wood et al., 1981). Similarly, in Texas, grazing at a moderate 

stocking rate (2 AU/ha) increased infiltration rate by 5% and reduced sediment loss by 24% 

compared to grazing at a heavy stocking rate (2.9 AU/ha; Thurow et al., 1986). Also, in Texas, 

grazing by continuous stocking at a moderate stocking rate (0.12 AU/ha) increased infiltration 

rate (76%) 1.85 times and reduced sediment loss (665 kg/ha) by 84% compared to grazing by 

continuous stocking at a heavy stocking rate (0.22 AU/ha; Thurow et al., 1988). Furthermore, in 

Alberta, Canada, continuous grazing at a light stocking rate (1.2 to 1.5 AUM/ha) increased 

precipitation infiltration rates by 1.5 to 2 times compared to grazing at a heavy stocking rate (2.4 

to 4.4 AUM/ha; Naeth et al., 1990b). Thus, reducing stocking rate of grazed rangeland may 

increase infiltration rate by as much as 100% while reducing sediment loss by as much as 84%. 

 

In contrast to water infiltration in upland areas, stocking rate did not affect channel morphology 

characteristics due to streambank erosion over grazing intensities of none to moderate (1000 kg 

residual forage/ha) in California (Allen-Diaz et al., 1998), grazing intensities of none to 

concentrated (residual stubble height less than 5) in California (George et al., 2002), and 

stocking rates of 0 to 12 cow-days/stream m/measurement period (Bear et al., 2012b). These 

results imply that the effects of stream hydrology on bank erosion supersede those of cattle 

grazing. 

 

Only one paper was found evaluating the effects of grazing intensity on stream water quality. In 

a validated model, continuous grazing at a light stocking rate (1.4 AU/ha) decreased annual 

sediment load at the outlet of a watershed by 30% (91,200 tons to 64,700 tons) compared to 

continuous grazing at a heavy stocking rate (2.7 AU/ha; Park et al., 2015). 

 

Rotational stocking systems 

Rotational stocking is defined as a method that utilizes recurring periods of grazing and rest 

among three or more paddocks in a grazing management throughout the time when grazing is 

allowed (Allen et al. 2011). As stocking rates, number of paddocks, and the lengths of both the 

grazing and rest periods in rotational systems can vary considerably, variations of rotational 

grazing include short duration grazing, high intensity-low frequency grazing, mob grazing, 

management intensive grazing, holistic grazing, and regenerative high density grazing. Given 

this variability in management, rotational stocking systems that promote frequent high intensity 

grazing regardless of their name can result in damage to riparian areas and stream water quality 

similar to that of grazing by continuous stocking at high stocking rates. Thus, in their review of 
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grazing in western rangelands, Briske et al. (2011) found no greater advantage of one stocking 

system over the other in terms of ecological benefits beyond moderating stocking rates. 

However, in their review of the effectiveness of riparian practices in western rangelands, George 

et al. (2011) found that practices like rotational stocking that use fencing to control the time and 

duration of grazing can be beneficial in protecting riparian vegetation and water quality at 

equivalent or lower stocking rates. Similarly, while grazing intensity is the most important 

prescribed grazing strategy for management of ecosystems in eastern pasturelands, rotational 

stocking was found to be useful in fine tuning the effects of grazing on ecological services in a 

review by Sollenberger et al. (2012). 

 

Unfortunately, studies evaluating the use of rotational stocking to counteract the effects of 

uneven forage distribution in western rangeland on ecosystem effects indirectly or directly 

affecting stream water quality seem limited. In a series of projects on the Edwards Plateau in 

Texas, short duration rotational grazing at 0.22 AU/ha tended to increase standing crop by 0 to 3 

times in upland areas in comparison to grazing by continuous stocking at the equivalent high 

stocking rate (Thurow et al., 1986; Thurow et al., 1988). Grazing Wyoming rangeland by time-

controlled rotational stocking at 0.56 steers/ha also had little effect on standing vegetation crop 

or root biomass, but tended to decrease bare ground percentage by 33% (18% to 12%) in upland 

areas compared to grazing by continuous stocking at an equivalent rate (Manley et al., 1997). In 

contrast to western rangelands, in a review of 27 studies in eastern pasturelands, 23 showed that 

rotational grazing increased forage production by 30% (Sollenberger et al., 2012). In upland 

areas of pastures, grazing by rotational stocking to a minimum stubble height of 10 cm increased 

stubble height (9.9 cm), forage mass (2,286 kg/ha), and vegetative ground cover (94.7%) 1.7, 

2.1, and 1.1 times in comparison to grazing by continuous stocking to a minimum stubble height 

of 5 cm (5.7 cm, 1,087 kg/ha, 87.7%), respectively (Haan et al., 2006). Similarly, managing 

riparian paddocks in a rotational stocking system at a rate of 1.24 cows/ha to a minimum stubble 

height of 10 cm and never grazing for longer than 4 days/rotation cycle increased stubble height 

(14.4 cm) and forage mass (1790 kg/ha) 1.8 and 2.0 times while reducing the proportion of bare 

ground (17.2%) and manure cover (0.25%) by 53 and 50% along streambanks in comparison to 

pastures grazed by continuous stocking at an equivalent stocking rate (7.8 cm; 881 kg/ha; 35.9%; 

0.50%; Schwarte et al., 2011b). Grazing by rotational stocking in Minnesota increased canopy 

cover (35.9%) 1.17 times and reduced the proportion of exposed bank (35.1%) by 20% along 

streambanks in comparison to pastures grazed by continuous stocking (Sovell et al., 2000). 

Likewise, the vegetation height along streambanks in pastures grazed by short duration rotational 

stocking at 0.6 to 1.6 AU/ha (36 cm) were 2.3 times greater than pastures grazed by continuous 

stocking at equal stocking rates (Magner et al., 2008). Therefore, while grazing by rotational 

stocking has had minimal effects on pasture characteristics which would enhance water quality 

in precipitation runoff or streams in western rangelands, rotational stocking in eastern 

pasturelands may double forage mass and stubble height while reducing bare ground by 50% in 

both uplands and along streambanks if managed to maintain adequate stubble height. 

 

In spite of the lack of effects of rotational stocking on pasture characteristics in western 

rangelands, precipitation infiltration rates at least tended to be improved by this practice. In 

Oregon, water infiltration in rangeland pastures grazed by rotational stocking at 0.31 AUM/ha 

were more desirable than season-long continuous stocking at an equivalent rate (Bohn and 

Buckhouse, 1985). In studies on the Edwards Plateau in Texas, grazing by short duration 
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rotational stocking at 0.22 au/ha tended to increase infiltration rates (70%) 1.7 times while 

reducing sediment production by (1003 kg/ha) by 74% in comparison to continuous grazing at 

the equivalent stocking rate (41%; 3926 kg/ha; Thurow et al., 1988). At this same location, 

reducing the stocking rate of a high-intensity, low-frequency rotation stocking systems to 0.15 

au/ha tended to reduce erosion (sediment loss) by 13 to 82% depending on type of vegetation in 

comparison to grazing by continuous stocking at 0.22 au/ha (Wood and Blackburn, 1981). In 

eastern pasturelands, rotational stocking has also reduced sediment and nutrient loss in 

precipitation runoff in both upland and riparian areas. In Iowa, grazing by rotational stocking to a 

minimum stubble height of 10 cm tended to reduce precipitation runoff (12.7%), sediment loss 

(5.9 kg/ha/hr), and total phosphorus loss (0.025 kg/ha/hr) by 42, 74, and 74% in comparison to 

grazing by continuous stocking to a minimum stubble height of 5 cm in upland areas (21.9%, 

16.5 kg/ha/hr, 0.07 kg/hr; Haan et al., 2006). Also in Iowa, grazing riparian paddocks to a 

minimum stubble height of 10 cm or a maximum of 4 days/rotation in a rotational stocking 

system stocked at 1.24 cows/ha reduced precipitation runoff (36.4%), sediment loss (4.9 kg/ha), 

and phosphorus loss (6.3 gm/ha) by 43, 31, and 24% in riparian areas compared to grazing by 

continuous stocking grazed at an equivalent stocking rate (64.1%, 7.1 kg/ha, 8.3 gm/ha; 

Schwarte, 2011a). Thus, rotational stocking may reduce runoff by 42 to 58% resulting reductions 

in sediment and phosphorus loads of 13 to 82 and 24 to 74%. However, it is important to note the 

significance of management of grazing intensity on the responses to rotational stocking as 

decreasing the stocking rate of a continuous stocking system or grazing by rotational or 

continuous stocking to an equivalent residual stubble height may reduce the positive impacts of 

rotational stocking (Wood and Blackburn, 1981; Haan et al., 2006). Schwarte et al. (2011b) 

observed improvements in the hydrologic characteristics of the riparian area with rotational 

stocking at equivalent stocking rate to continuously stocked pastures, but the grazing was 

managed to maintain a minimum stubble height of 10 cm. 

 

No papers evaluating the effects of rotational stocking on stream morphology in western 

rangelands were found. In Wisconsin, the proportion of streambank that was visually eroded 

along streams in pastures that were grazed by intensive rotational stocking at 0.8 to 1.8 cows/ha 

was 60% lower than streambanks along pastures that were grazed by continuous stocking at 0.5 

to 5.9 cows/ha (Lyons et al., 2000). In Minnesota, the width:depth ratio of streams in pastures 

grazed by rotational stocking (6.5) were 39% lower than pastures grazed by continuous stocking 

(10.5; Sovell et al., 2000). Also in Minnesota, grazing by short duration rotational stocking at 0.6 

to 1.6 cows/ha reduced the Pfankuch Index (a measure of streambank instability) by 20% 

compared to continuous stocking at equivalent stocking rates (Magner et al., 2008). In Iowa, 

grazing by rotational stocking at 1.24 cows/ha did not affect sediment loss from streambanks, but 

tended reduce phosphorus loss from streambanks by 22% in comparison to continuous stocking 

at an equivalent stocking rate (Nellesen et al., 2011). However, in the two subsequent years in 

these pastures, Schwarte et al. (2011a) found no statistically significant differences in 

streambank erosion between pastures that were grazed by continuous or rotational stocking. 

Thus, similar to the effects building riparian buffers or reducing stocking rate, while there 

appears to be general trends to reduce streambank erosion through rotational stocking, the effects 

of stream hydrology supersede the effects of management. 

 

As with streambank erosion, there has been little research on the effects of rotational stocking 

directly on stream water quality. However, a model determined that grazing by rotational 
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stocking reduced the annual sediment load (54,400 tons) by 40% in a Texas watershed compared 

to grazing by continuous stocking (Park et al., 2015). In Minnesota streams, watersheds with 

rotational stocking decreased water turbidity by approximately 53% and reduced the 

concentrations of fecal coliform bacteria by 50 to 80% (Sovell et al., 2000). Similarly, grazing by 

rotational stocking reduced the depth of streambed sediment (7.8 cm) by 80% in pastures stocked 

at 0.6 to 1.6 au/ha compared to continuous grazing at an equivalent stocking rate in Minnesota 

(40.7 cm; Magner et al., 2008). Also, grazing by rotational stocking at 0.8 to 1.8 cows/ha 

reduced the percentage of fine substrates on the streambed (63%) by 14% compared to grazing 

by continuous stocking at 0.5 to 5.9 cows/ha (73%) in Wisconsin (Lyons et al., 2000). Therefore, 

while it is difficult to quantify with the current literature, there seems to be a general trend for 

reductions in sediment in streams ranging from 14 to 80% resulting rotational stocking if pasture 

stocking rates are not increased as they may be in such rotational stocking systems as mob, 

holistic or short duration grazing. Similarly, reductions in fecal coliform concentrations resulting 

from rotational stocking have been reported by Sovell et al. (2000). However, as stocking rates 

were not reported in this study and fecal coliform concentrations are influenced by other sources, 

the results should be interpreted with care. 

 

Seasonal or deferred grazing 

The relatively large quantities of high quality forage in upland areas decrease the amount of time 

cattle are present in riparian areas in western rangelands in the spring, but cattle congregate in 

riparian areas as available forage decreases in uplands in late summer. This pattern of 

distribution may limit damage to streambanks as the moist soils and vegetation on streambanks 

in the spring are more susceptible to damage than later in the season (DelCurto et al., 2005). 

However, while soils in riparian areas begin to dry into early summer, the decreasing availability 

and nutritional quality of upland vegetation and increasing ambient temperatures encourage 

congregation of cattle in riparian areas making summer the most damaging period for riparian 

soils and vegetation (DelCurto et al., 2005). As vegetation becomes limiting in riparian areas in 

late summer, grazing cattle begin consuming willows which are important in stabilizing 

streambanks in those ecosystems. Thus, if additional allotments are available, it has been 

suggested that grazing of allotments with riparian areas be limited to early season grazing 

(DelCurto et al., 2005). However, the only quantitative evidence supporting this practice is that 

early summer grazing of 10 to 15 ha pastures in Oregon reduced riparian vegetation use by 26% 

and reduced the fecal deposit concentrations within 1 m of a stream by 50% in comparison to 

late summer grazing (Parsons et al., 2003). Grazing during winter is the least detrimental to 

riparian health because soil is frozen and off-stream water is available (DelCurto et al., 2005). 

However, there was no research found to quantify its effects on water quality in western 

rangelands.  

 

Deferring grazing of some allotments for extended periods also has been proposed as a method 

to reduce the impact of grazing on stream and river water quality in western rangelands. There is 

evidence that soil hydrological functions degraded by high stocking rates can recover with 

deferment of grazing for at least 1 year (Briske et al., 2011). In Texas, a 4 pasture system in 

which grazing was deferred for 1 year reduced sediment losses by 40 to 92% compared to 

grazing by continuous stocking at a high stocking rate (Wood and Blackburn, 1981). However, 

Geoge et al. (2011) rated this system poor for streambank stability. 
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Although forage quality and quantity are more uniform across eastern pasturelands than western 

pasturelands, grazing cattle in the east will select to be near streams in mid to late summer to 

alleviate heat stress, particularly if upland shade is limited. However, management options to 

control this distribution beyond the use fence to create riparian buffers or paddocks are limited. 

 

Stockpiling forage for winter grazing has become an increasingly popular practice in the eastern 

United States to reduce feed costs. While forage availability is limited and ground may be 

frozen, Owens and Shipitalo (2009) found that a system in which cows grazed by rotational 

stocking over the entire year in Ohio reduced precipitation runoff and sediment and nitrogen loss 

in runoff by 69, 91, and 49% in comparison to a system in which cows grazed by rotational 

stocking during summer and were fed hay in a single pasture during the winter.  

 

Off-stream water and nutritional supplementation 

As discussed above, providing off-stream water and/or protein supplements and/or herding has 

proven effective in reducing the proportion of time cattle are present in riparian areas, 

particularly if the grazing unit is of adequate size to allow cattle to freely range. In South Dakota, 

vegetation photosynthetic potential; which correlates live standing crop, within stream channel 

areas increased by 10 to 40% with off-stream water sources at distances of 200 to 1250 m from 

the stream (Rigge et al., 2013). Similarly, herding cattle in Montana to either salt or low moisture 

molasses blocks at distances of 1 to 2 km from streams, increased riparian stubble heights (23.6 

cm) by 54% compared to allowing cattle to graze free-range (15.3 cm; Bailey et al., 2008). 

Providing off-stream water and trace mineral salt in 12 ha pastures without herding did, however, 

reduce the proportion of streambanks with cattle hoof prints (26%) and the proportion of bare 

and unstable streambanks (3%) by 16% and 67% compared to pastures without supplementation 

(31%; 9%; McInnis and McIver, 2001). However, neither herding to salt or low moisture blocks 

in Montana nor providing off-stream water and trace mineral salt in Oregon affected the 

concentration of fecal deposits near pasture streams (Porath et al., 2002; Bailey et al., 2008). 

 

In the only study found regarding the direct effects of off-stream water on water quality in 

western rangelands, Tiedemann et al. (1988) reported that providing off-stream water in 4 

watersheds draining 3.9 to 6.2 km2 in Oregon reduced the concentration of fecal coliforms (9 

cfu/100 ml) by 40% compared to 4 watersheds draining 1.2 to 8.8 km2 without off-stream water. 

While off-stream water rarely significantly affects the temporal/spatial distribution of grazing 

cattle in studies within eastern pasturelands, in those studies where it was effective, it 

significantly improved stream water quality. In Virginia, use of an off-stream water trough in a 

14.2 ha pasture reduced streambank erosion and the concentrations of total suspended solids, 

total nitrogen, total phosphorus, fecal coliforms, and fecal streptococci by 77, 90, 54, 81, 51, and 

77% compared to values before off-stream water sources were installed (Sheffield et al., 1997). 

Similarly, in a 17.9 ha pasture in Georgia with little nonriparian shade, use of an off-stream 

water trough reduced the concentrations of total suspended solids, total phosphorus, and E. coli 

by 95, 57, and 95% in stream water in comparison to values before off-stream water troughs 

were installed (Byers et al., 2005). However, even though use of off-stream water troughs did not 

affect the proportion of time cattle were in the riparian area of 18 ha pastures with plentiful 

nonriparian shade, providing off-stream water reduced total suspended sediment and E. coli 

concentrations in stream water by 64 and 85% perhaps by reducing the time that cattle actually 

drank from the stream. Thus, when effective at reducing the time grazing cattle are in or near 
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streams, practices like providing off-stream water, nutritional supplementation, or shade and/or 

herding may have very significant effects on reducing nonpoint source pollution of pasture 

streams. These results support the concept that using cattle distribution data may be the most 

sensitive approach to assess the risk of cattle adversely affecting surface water resources. 
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Table 2-1. Effects of management on proportion of time cattle are in riparian area or streams 

Reference Year State 
Grazing 

unit, ha 

Riparian, 

% total ha 

Observed 

Hours/day 
Treatment 

% of observations in: 

Riparian zone Stream 

Bryant 1982 OR 172 1.8 18 Total (no access to stream) 31 . 

Bryant 1982 OR 172 1.8 18 
Early summer (no access to 

stream) 
54.5 . 

Bryant 1982 OR 172 1.8 18 Late summer (no access to stream) 29.7 . 

Bryant 1982 OR 172 1.8 18 Fall (no access to stream) 7.8 . 

Gary et al. 1983 CO 75-85 . 11 Free ranging 65 5 

Gillen et al. 1984 OR 4675 5 Daylight Free ranging total 47 . 

Gillen et al. 1984 OR 3610 3 Daylight Free ranging early season 24 . 

Gillen et al. 1984 OR 3610 3 Daylight Free ranging late season 34 . 

Miner et al. 1992 OR . . 9.5 Winter feeding . 6.4 

Miner et al. 1992 OR . . 9.5 Winter feeding w/off-stream water . 0.2 

Smith et al. 1992 WY 49900 16.8 12 Free ranging total 47.1 17.9 

Smith et al. 1992 WY 49900 16.8 12 Free ranging spring 47.5 7.2 

Smith et al. 1992 WY 49900 16.8 12 Free ranging summer 49.6 14.1 

Smith et al. 1992 WY 49900 16.8 12 Free ranging fall 54.1 17.9 

Smith et al. 1992 WY 30 30 12 Free ranging total 64.3 23.7 

Smith et al. 1992 WY 30 30 12 Free ranging spring 62.2 21.5 

Smith et al. 1992 WY 30 30 12 Free ranging summer 62.3 32.7 

Smith et al. 1992 WY 30 30 12 Free ranging fall 68.5 16.5 

Sheffield et al. 1997 VA 14.2 - Daylight Free ranging - 1.6 

Sheffield et al. 1997 VA 14.2 - Daylight Off-stream water (OSW) - 0.4 

Sheffield et al. 1997 VA 16.6 - Daylight Free ranging - 1.7 

Sheffield et al. 1997 VA 16.6 - Daylight OSW - 1.6 

Howery et al. 1998 ID 1080 55 Daylight Cows raised by experienced dams 65.8 . 

Howery et al. 1998 ID 1080 55 Daylight Cows raised by naïve dams 62.2 . 

Porath et al. 2002 OR 12 48 15 Free ranging 57 . 

Porath et al. 2002 OR 12 48 15 OSW 57 . 

Parsons et al. 2003 OR 12.5 . 13 Free ranging total 55.7 . 

Parsons et al. 2003 OR 12.5 . 13 Free ranging early summer 37.5 . 
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Table 2-1. Effects of management on proportion of time cattle are in riparian area or streams continued 

Parsons et al. 2003 OR 12.5 . 13 Free ranging late summer 74.2 . 

Zuo and Miller-Goodman 2004 AL 3.3 - Daylight Free ranging 14 . 

Zuo and Miller-Goodman 2004 AL 3.3 - Daylight OSW 20 . 

Zuo and Miller-Goodman 2004 AL 3.3 - Daylight OSW and shade 19 . 

Agouridis et al. 2005 KY 2.3 . 24 
OSW w/access restricted to 

stabilized site 
4.9 . 

Agouridis et al. 2005 KY 2.3 . 24 OSW 9.5 . 

Agouridis et al. 2005 KY 2.2 . 24 Free ranging 8.7 . 

Agouridis et al. 2005 KY 3.2 . 24 
OSW w/access restricted to 

stabilized site 
4.9 . 

Agouridis et al. 2005 KY 3.4 . 24 OSW 8.7 . 

Agouridis et al. 2005 KY 3.4 . 24 Free ranging 6.2 . 

Byers et al. 2005 GA 15.3-17.5 2.4-4.2 24 Free ranging 5.5 . 

Byers et al. 2005 GA 15.3-17.5 2.4-4.2 24 OSW 2.4 . 

Bailey and Jensen 2008 MT 258-329 - 24 Supplemented w/range cake  12.1 . 

Bailey and Jensen 2008 MT 258-329 . 24 
Supplemented w/low moisture 

block 
10 . 

Bailey et al. 2008 MT 541-591 15 24 Free ranging w/salt 51.7 . 

Bailey et al. 2008 MT 541-591 15 24 Herded and salt 33.3 . 

Bailey et al. 2008 MT 541-591 15 24 Herded and low moisture block 31.2 . 

George et al. 2008 CA 75 . 24 Free ranging 37 . 

George et al. 2008 CA 75 . 24 
Supplemented w/low moisture 

block 
14 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 Free ranging 7.2 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 OSW 5.8 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 Free ranging (THI<72) 5.6 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 Free ranging (THI<72 w/OSW) 2.1 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 Free ranging (THI<72) 7.9 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 Free ranging (THI<72/OSW) 7.8 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 Free ranging 5.7 . 

Franklin et al. 2009 GA 15.3-17.5 2.4-4.2 24 OSW 2.5 . 

Haan et al. 2010 IA 12.1 7.5 24 Free ranging 12.2 1.1 

Haan et al. 2010 IA 12.1 7.5 24 OSW 8.8 0.8 
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Table 2-1. Effects of management on proportion of time cattle are in riparian area or streams continued 

Haan et al. 2010 IA 12.1 7.5 24 Access restricted to stabilized site 2.1 0.2 

Haan et al. 2010 IA 12.1 7.5 24 
OSW w/access restricted to 

stabilized site 
1.1 0.1 

Haan et al. 2010 IA 12.1 7.5 24 
Rotational graze w/riparian 

paddock 
1.5 0.1 

Bear et al. 2012 IA 13 29 24 Free ranging 25 . 

Bear et al. 2012 IA 21 23 24 Free ranging 20 . 

Bear et al. 2012 IA 29 30 24 Free ranging 16 . 

Bear et al. 2012 IA 65 2.5 24 Free ranging 5 . 

Bear et al. 2012 IA 92 17 24 Free ranging 9 . 

Bear et al. 2012 IA 125 24 24 Free ranging 15 . 

Bear et al. 2012 IA 15 14.7 24 Riparian shade (28% of total) 15 . 

Bear et al. 2012 IA 8 17.8 24 Riparian shade (68% of total) 19 . 

Bear et al. 2012 IA 9.9 43.4 24 Riparian shade (72% of total) 39 . 

Schwarte et al. 2012 IA 12.1 7.5 24 Free ranging 10.5 1.7 

Schwarte et al. 2012 IA 12.1 7.5 24 OSW 12.2 2.8 

Schwarte et al. 2012 IA 12.1 7.5 24 Access restricted to stabilized site 2 0.2 

Schwarte et al. 2012 IA 12.1 7.5 24 
OSW w/access restricted to 

stabilized site 
2.5 0.4 

Schwarte et al. 2012 IA 12.1 7.5 24 
Rotational graze w/ riparian 

paddock 
2.6 0.1 

Bisinger et al. 2014 IA 4 23 24 Free ranging 28 8 

Bisinger et al. 2014 IA 12.1 7.5 24 Free ranging 10 4 

Bisinger et al. 2014 IA 4 23 24 OSW 32 12 

Bisinger et al. 2014 IA 12.1 7.5 24 OSW 11 5 

Bisinger et al. 2014 IA 4 23 24 Access restricted to stabilized site 6 2 

Bisinger et al. 2014 IA 12.1 7.5 24 Access restricted to stabilized site 4 1 

Johnson et al. 2016 OR 21759 2.2 24 Free ranging  1.8 . 

Johnson et al. 2016 OR 11990 2.2 24 Free ranging 3.8 . 

Johnson et al. 2016 OR 10237 2.2 24 Free ranging 1.8 . 
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Table 2-2. The effectiveness of different grazing strategies at preventing streambank erosion1 

Strategy 
Riparian 

vegetation use 

Control of animal 

distribution 

Streambank 

stability 

Season-long 

continuous 
Heavy Poor Poor 

Holding Heavy Excellent Poor 

Short duration-high 

intensity 
Heavy Excellent Poor 

Three herd-four 

pastures 
Heavy to moderate Good Poor 

Holistic Heavy to light Good Poor to good 

Deferred Moderate to heavy Fair Poor 

Seasonal suitability Heavy Good Poor 

Deferred rotation Heavy to moderate Good Fair 

Winter Moderate to heavy Fair Good 

Rest-rotation Heavy to moderate Good Fair to good 

Double rest-rotation Moderate Good Good 

Seasonal riparian 

preference 
Moderate to light Good Good 

Riparian pasture As prescribed Good Good 

Corridor fencing None Excellent Good to excellent 

Rest or closure None Excellent Excellent 
1George et al., 2011 
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Table 2-3. Effects of grazing management on vegetative cover or manure deposition in upland or riparian areas of pastures or rangeland 

Reference Year State 
Grazing 

unit, ha 

Stocking 

rate 
Treatment 

Measurement 

location 

Standing 

crop, 

kg/ha 

Stubble 

height, 

cm 

Bare 

ground, 

% 

Fecal 

cover 

    AU/ha       

Thurow et al. 1988 TX  0.22 High continuous Upland 304    

Thurow et al. 1988 TX  0.12 Moderate continuous Upland 1,324    

Thurow et al. 1988 TX  0.22 Short duration graze Upland 942    

           

Sovell et al. 2000 MN   Continuous Riparian   43.4  

Sovell et al. 2000 MN   Rotational  Riparian   35.1  

Sovell et al. 2000 MN   Woody riparian buffer Riparian   66.7  

Sovell et al. 2001 MN   Grassy riparian buffer Riparian   12.3  

    Cow/ha      Deposit/m 

Porath et al. 2002 ORE 12 0 Exclosure Riparian    0 

Porath et al. 2002 ORE 12 0.83 Free ranging Riparian    0.22 

Porath et al. 2002 ORE 12 0.83 Off-stream water (OSW) Riparian    0.29 

    Cow/ha       

Haan et al. 2006 IA 0.4 0 Exclosure Upland 5,321 19.2 0.8  

Haan et al. 2006 IA 0.4 7.5 Continuous graze to 5 cm Upland 1,087 5.7 12.3  

Haan et al. 2006 IA 0.4 7.5 Rotational graze to 5 cm Upland 1,388 7.1 8.1  

Haan et al. 2006 IA 0.4 7.5 Rotational graze to 10 cm Upland 2,286 9.9 5.3  

Haan et al. 2006 IA 0.4 7.5 Summer hay/Winter graze Upland 1,585 8.8 4.3  

    Cow/ha      kg/ha 

Bailey et al. 2008 MT 541 to 591 0.09 Continuous with no herding Riparian  15.3  184 

Bailey et al. 2008 MT 541 to 591 0.09 Herding to salt Riparian  22.8  169 

Bailey et al. 2008 MT 541 to 591 0.09 Herding to low moisture blocks Riparian  24.0  127 

    AU/ha       

Raganath et al. 2009 VA  13.8-55.2 Free ranging Riparian 1,120    

Raganath et al. 2009 VA  0-34.2 Riparian buffer Riparian 2,190    
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Table 2-3. Effects of grazing management on vegetative cover or manure deposition in upland or riparian areas of pastures or rangeland continued  

    AUM/ha       

Miller et al. 2010 
Al, 

CAN 
10 0.5 Free ranging Riparian 637  13.6  

Miller et al. 2010 
Al, 

CAN 
10 0.5 Riparian buffer Riparian 1,500  4.7  

    Cow/ha      % 

Schwarte et al. 2011 IA 12.1 1.24 Free ranging Riparian 881 7.8 35.9 0.5 

Schwarte et al. 2011 IA 12.1 1.24 Riparian buffer Riparian 1,916 14.4 12.1 0 

Schwarte et al. 2011 IA 12.1 1.24 Rotational graze to 10 cm Riparian 1,790 10.1 17.2 0.25 
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Table 2-4. Effects of grazing management on precipitation infiltration characteristic in upland or riparian zones of pastures or rangeland 

Reference Year State 
Grazing 

unit, ha 

Stocking 

rate 
Treatment 

Measurement 

location 

Rainfall simulations 

Infiltration 

rate 

Sediment 

loss 

Phosphorus 

loss 

    AUM/ha   % mg/l mg/l 

Doran et al. 1981 NE 0.11 0 Exclosure Upland 87.4 182 4.7 

Doran et al. 1981 NE 32.5 1.4 to 1.8 Rotational graze Upland 93.4 179 1.3 

    AU/ha   % mm/hr  

Thurow et al. 1986 TX  0.22 Bunchgrass short duration graze Upland 65.7 1625  

Thurow et al. 1986 TX  0.12 Bunchgrass moderate continuous Upland 93.9 200  

Thurow et al. 1986 TX  0 Bunchgrass exclosure Upland 78.8 225  

Thurow et al. 1986 TX  0.22 Sodgrass high continuous Upland 33.8 5600  

Thurow et al. 1986 TX  0.22 Sodgrass short duration graze Upland 48.8 2363  

Thurow et al. 1986 TX  0.12 Sodgrass moderate continuous Upland 79.8 1313  

Thurow et al. 1986 TX  0 Sodgrass exclosure Upland 71.3 875  

    AU/ha   % kg/ha/30 min  

Thurow et al. 1988 TX  0.22 High continuous Upland 41 3926  

Thurow et al. 1988 TX  0.12 Moderate continuous Upland 76 665  

Thurow et al. 1988 TX  0.22 Short duration graze Upland 70 1003  

    Cow/ha   % kg/ha/yr  

Gilley et al. 1996 ND  0 Exclosure Upland 100 0  

Gilley et al. 1996 ND 55 0.58 Continuous Upland 34.8 530  

Gilley et al. 1996 ND 95 0.58 Rotational graze Upland 46.4 440  

    Cow/ha   % kg/ha/hr g/ha/hr 

Haan et al. 2006 IA 0.4 0 Exclosure Upland 65.9 1.4 7 

Haan et al. 2006 IA 0.4 7.5 Continuous graze to 5 cm Upland 55.4 16.5 70 

Haan et al. 2006 IA 0.4 7.5 Rotational graze to 5 cm Upland 56.6 8.4 53 

Haan et al. 2006 IA 0.4 7.5 Rotational graze to 10 cm Upland 62.3 5.9 25 

Haan et al. 2006 IA 0.4 7.5 Summer hay/Winter graze Upland 62.4 4.3 25 
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Table 2-4. Effects of grazing management on precipitation infiltration characteristic in upland or riparian zones of pastures or rangeland continued 

    AUM/ha   % kg/ha/hr kg/ha/hr 

Miller et al. 2010 
AL, 

CAN 
10 0.5 Free ranging Riparian 55.2 

559 1.8 

Miller et al. 2010 
AL, 

CAN 
10 0.5 Riparian buffer Riparian 71.9 413 1.3 

    Cow/ha   % kg/ha/hr g/ha/hr 

Schwarte et al. 2011 IA 12.1 1.24 Continuous graze Riparian 63.5 7.1 8.3 

Schwarte et al. 2011 IA 12.1 1.24 Riparian buffer Riparian 81.9 3.0 4.0 

Schwarte et al. 2011 IA 12.1 1.24 Rotational graze w/riparian buffer Riparian 35.9 4.9 6.3 
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Table 2-5. Effects of grazing management on streambank erosion or stream channel morphology 

Reference Year State 
Grazing 

unit, ha 

Stocking 

rate 
Treatment 

Streambank loss Stream channel 
Phosphorus loss, 

kg/m cm 
kg 

sediment/m 
% m2 cm 

Width: 

Bank 

    AUM/ha         

Kauffman et al. 1983 OR  0 Exclosure 6       

Kauffman et al. 1983 OR  0.59 - 0.77 Continuous 27       

             

Allen-Diaz et al. 1998 CA 2 to 5 0 Exclosure     7.5   

Allen-Diaz et al. 1998 CA 2 to 5 Low Continuous to 1500 kg/ha     3.9   

Allen-Diaz et al. 1998 CA 2 to 5 Moderate Continuous to 1000 kg/ha     4.5   

    Cow/ha         

Lyons et al. 2000 WI  0.5-5.9 Continuous   34.6     

Lyons et al. 2000 WI  0.8-1.8 Rotational   13.8     

Lyons et al. 2000 WI  0 Grassy riparian buffer   12.3     

Lyons et al. 2000 WI  0 Woody riparian buffer   18.5     

             

Sovell et al. 2000 MN   Continuous      10.5  

Sovell et al. 2000 MN   Rotational      6.5  

Sovell et al. 2000 MN   Riparian buffer      14.5  

    Cow/ha         

Agouridis et al.  2005 KY 2.75 1.17 Riparian buffer    -0.15    

Agouridis et al.  2005 KY 2.85 1.19 Free ranging    0.06    

Agouridis et al.  2005 KY 2.75 1.16 Off-stream water (OSW)    0.07    

    AU/ha         

Raganath et al. 2009 VA  13.8-55.2 Free ranging      19.3  

Raganath et al. 2009 VA  0-34.2 Riparian buffer      15.5  

    Cow/ha         

Nellesen et al.  2011 IA 12.1 1.24 Free ranging 6      0.013 

Nellesen et al.  2011 IA 12.1 1.24 Riparian buffer 5.4      0.006 

Nellesen et al.  2011 IA 12.1 1.24 Rotational 6.3      0.008 
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Table 2-5. Effects of grazing management on streambank erosion or stream channel morphology continued 

    Cow/ha         

Schwarte et al. 2011 IA 12.1 1.24 Free ranging  1216     0.3 

Schwarte et al. 2011 IA 12.1 1.24 Riparian buffer  644     0.17 

Schwarte et al. 2011 IA 12.1 1.24 Rotational  1606     0.35 
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Table 2-6. Effects of grazing management on streambank erosion or stream channel morphology 

Reference Year State 
Grazing 

unit, ha 

Stocking 

rate 
Treatment 

Total Fecal 

Suspended 

sediment Phosphorus Nitrogen Coliforms Streptococci E.coli 

         cfu/100 ml   

Tiedemann et al. 1988 OR   Exclosure    40   

Tiedemann et al. 1988 OR   Free ranging    150   

Tiedemann et al. 1988 OR   OSW/Fencing    90   

Tiedemann et al. 1988 OR   Intensive grazing    920   

    Cow/ha  mg/L mg/L mg/L cfu/100 ml cfu/100 ml  

Sheffield et al.  1997 VA 14.2 1.47 Free ranging 132 0.2 1.34 4,400 3,370  

Sheffield et al.  1997 VA 14.2 1.47 OSW 14.3 0.07 1.24 1,720 866  

         cfu/100 ml   

Sovell et al. 2000 MN   Continuous    790   

Sovell et al. 2000 MN   Rotational    160   

Sovell et al. 2000 MN   Riparian buffer    -   

    Cow/ha  kg/wk kg/wk kg/wk    

Line et al. 2003 NC 14.9 3.4 to 10.7 Riparian Buffer 2,988 16.6 39.9    

Line et al. 2003 NC 14.9 3.4 to 10.8 Free ranging 12,733 54.2 127.8    

    Heifer/ha  kg/wk kg/wk kg/wk    

Line et al. 2003 NC 41.8 1.8 to 2.4 Free ranging 1,657 3.9 11.8    

Line et al. 2003 NC 41.8 1.8 to 2.5 OSW 1,031 4.4 15.0    

    Cow/ha  kg/d gm/d    cfu/d 

Byers et al. 2005 GA 17.9 1.1 Free ranging 37 146    10 10 

Byers et al. 2005 GA 17.9 1.1 Off-stream water (OSW) 16 62    10 8 

      mg/L mg PO4-P/L mg/L cfu/100 ml cfu/100 ml  

Muenz et al. 2006 GA   Grazed watershed 5.9 0.03 0.8 281 671  

Muenz et al. 2006 GA   Grazed watershed 3.5 0.02 0.5 418 1,452  

Muenz et al. 2006 GA   Grazed watershed 3.0 0.01 1 532 1,593  

Muenz et al. 2006 GA   Riparian buffer watershed 0.8 0.01 0.7 156 1,222  

Muenz et al. 2006 GA   Riparian buffer watershed 0.8 0.01 0.7 237 631  
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Table 2-6. Effects of grazing management on streambank erosion or stream channel morphology 

    
Cow/ha  mg/L mg/L mg/L 

  

cfu/100 

ml 

Vidon et al. 2008 IN  0 Ungrazed 24 0.13 1.2   1296 

Vidon et al. 2008 IN 4 6.25 Continuous 96 0.38 3.3   32,188 

    AU/ha 

 

 mg/15 min  

10 8 cfu/15 

min  

10 9 

cfu/15 

min 

Sunohara et al. 2012 

ONT, 

CAN 1.8 2.5 
Riparian Buffer 

 3,800  3.9  2.4 

Sunohara et al. 2012 

ONT, 

CAN 2.2 2.5 
Free ranging 

 4,290  6.1  2.2 

    AU/ha  10 3 ton/yr      

Park et al. 2015 TX  0 Exclosure 49      

Park et al. 2015 TX  0.27 High continuous 91.2      

Park et al. 2015 TX  0.14 Moderate continuous 64.7      

Park et al. 2015 TX  0.27 Rotational 54.4      



59 

 

CHAPTER 3.  POTENTIAL EFFECTS OF CONFINED AND OPEN LOT BEEF 

CATTLE ON WATER RESOURCES 

 

As grazing has been previously covered, this portion of the report will focus on feedlot and 

confinement systems. In some instances, these might be used in conjunction with grazing 

systems, but are most typically associated with cattle finishing operations. Concentrating cattle in 

feedlots and confinement buildings has numerous advantages in terms of productivity and quality 

control, the capacity to control the animal environment and ration, and the level of attention that 

can be provided to each animal. However, concentration of cattle into concentrated areas results 

in in substantial increase in the potential for water an air pollution. This occurs because animal 

excretion is no longer balanced by animal populations relative to the land needs of grazing, but 

instead rely on proper design, management, and intervention by humans to facilitate proper 

manure management. 

 

To prevent potential problems from becoming actual problems, farmers must be proactive in 

establishing technically sound control systems to control rainfall runoff from feedstuffs and 

exposed pen surfaces, management solid and liquid manure, appropriately apply manures, a 

handle their mortalities appropriately. When comparing feedlot facilities, factors such as manure 

handling, nutrient value, regulatory compliance, and environmental stewardship need to be 

considered. Producers are making a basic choice between solid or liquid manure when they 

choose a facility type but understanding and evaluating nutrient losses throughout the systems 

are necessary to help protect water quality. 

 

The structure of this section of the report will be to first review nutrients and pollutants of 

concern, pollutant sources and quantities related to animal housing, manure storage, and manure 

land application with then be reviewed with a concluding section on while farm nutrient planning 

at the conclusion. In each of these section different management practices and their impact on 

nutrient loss will be summarized.  

 

Pollutant sources associated with confined and open lot cattle production 

As noted in the grazing beef cattle section of this document, agriculture was identified as the 

major probable cause for impairments to streams and rivers accounting for 141,252 miles or 

22.6% of the assessed threatened or impaired streams and rivers.  In addition, agriculture was 

identified as the probable cause of the impairments on 1,093,457 acres of lakes, reservoirs, and 

ponds (8.2% of assessed as threatened or impaired; US-EPA, 2017b).  Animal feeding operations 

(including confined animal feeding operations and permitted concentrated animal feeding 

operations) and manure runoff, not related to grazing systems, accounted for 23,604 miles of 

threatened or impaired rivers and streams (16.6% of miles threatened or impaired by agriculture) 

and 15,278 acres of threatened or impaired lakes, reservoirs, and ponds (1.4% of acres threatened 

or impaired by agriculture; US-EPA, 2017b).   

 

Pollutants included in beef manure are also included in beef feedlot runoff, manured field runoff, 

runoff from stacked dry manure from feedlots, and in solid manure from bedded beef 

confinement buildings, including total solids, volatile solids, nitrogen, ammonia-nitrogen, 

phosphorus, potassium, and oxygen demand (chemical oxygen demand or biological oxygen 

demand; Koelsch et al., 2006; Gilley et al., 2009; Magdoff et al., 1977; Euken, 2010; and Spiehs 
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et al., 2011).  In addition, feedlot runoff contains pathogens, including coliform bacteria, fecal 

coliforms, fecal streptococci, and E. coli (Gilley et al., 2009).  Pathogens, sediment, nutrients and 

organic enrichment/oxygen depletion are listed as the 1st, 2nd, 3rd, and 5th most common cause of 

impairment, respectively, for assessed rivers and streams, and the 13th, 11th, 2nd, and 5th most 

common cause of impairment, respectively, for assessed lakes, reservoirs and ponds (US-EPA, 

2017d).  The environmental impacts of these pollutants are discussed in detail in the Grazing 

Beef Cattle section of this document. 

 

Total solids were measured in feedlot runoff from Texas, Colorado, Nebraska, Kansas and South 

Dakota by Clark et al. (1975) and reported by Sweeten (1991).  Total solids content ranged from 

2,990 to 17,500 ppm (parts per million, units equivalent to milligrams per liter).  Total solids 

concentration in runoff from three earthen feedlots in Nebraska under 55 natural rainfall events 

averaged 1.52% (15,200 milligrams per liter) and ranged from 6,600 to 33,000 (Gilbertson et al., 

1975).  More recently, runoff from six Iowa feedlots (three with earthen surface and three with 

concrete surface) was found to have a mean total solids content of 14,900 milligrams per liter as 

a result of natural rainfall events (Pepple et al., 2011), and runoff from fly ash amended and soil 

feedlot pens in Nebraska was found to have mean total solids content (calculated from mass per 

unit area and runoff depth) of 3000 and 4900 milligrams per liter, respectively, from simulated 

rainfall of 70 millimeters per hour (Gilley et al., 2009).  Runoff from dry stacked manure from 

beef feedlots averaged 18,000 ppm (range 1,400 to 57,000) (Magdoff et al., 1977). Volatile 

solids are the portion of total solids which can be oxidized or biologically decomposed.  Volatile 

solids typically represent 50% or less of the total solids in beef feedlot runoff (Koelsch et al., 

2006).  Volatile solids concentrations measured in beef feedlot runoff include 6,800 milligrams 

per liter (range 3,600 to 16,800) (Gilbertson et al., 1975) and 7,617 milligrams per liter (Pepple 

et al., 2011). 

 

Total nitrogen concentration in rainfall runoff from one Nebraska beef feedlot over 5 years 

averaged 854 ppm (range 11 to 8,593) while total nitrogen in snowmelt runoff averaged 2,105 

ppm (range 190 to 6,528; Gilbertson et al., 1975).  Total nitrogen concentration from two Texas 

feedlots ranged from 85 to 1,080 ppm (Clark et al., 1975 as reported by Sweeten, 1991).  More 

recent data revealed total nitrogen concentrations of 85.7 ppm (range 19.2 to 173; Miller et al., 

2004) and 483 ppm (Pepple et al., 2011).  Total nitrogen in runoff from stacked beef feedlot 

manure averaged 1,345 ppm (range 78 to 3,953; Magdoff et al., 1977) while runoff from fields 

with beef manure application in the past 4 to 62 days ranged from 12.5 to 22.9 ppm (Gilley et al., 

2007). 

 

Ammonia nitrogen is of particular concern for surface water pollution due to its high toxicity for 

fish (Gary et al., 1983).  Measured ammonia nitrogen concentrations in beef feedlot runoff 

include 151 ppm (range 2 to 1,425) for rainstorm runoff and 780 ppm (range 6 to 2,028) for 

snowmelt runoff (Gilbertson et al., 1975), 33.0 ppm (range 0.7 to 85.9; Miller et al., 1991), and 

169 ppm (Pepple et al., 2011).  Ammonia nitrogen in runoff from stacked beef feedlot manure 

averaged 991 ppm (range 49 to 2,795; Magdoff et al., 1977) while runoff from fields with beef 

manure application in the past 4 to 62 days ranged from 0.34 to 1.50 ppm (Gilley et al., 2007). 

Phosphorus concentrations in beef feedlot runoff included 300 ppm for rainfall runoff (range 4 to 

5,200) and 292 ppm (range 5 to 917) for snowmelt runoff (Gilbertson et al., 1975), a range of 47 

to 300 ppm (Clark et al., 1975, as reported by Sweeten, 1991), 35.3 ppm (range 2.1 to 61.2; 
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Miller et al., 1991) and 170 ppm (Pepple et al., 2011).  Dissolved reactive phosphorus (DRP) 

was measured at 45 ppm, or about 26% of total phosphorus (Pepple et al., 2011) and ortho 

phosphorus at 5.8 ppm, or about 16% of total phosphorus (Miller et al., 1991).  Phosphorus in 

runoff from stacked beef feedlot manure averaged 92 ppm (range 7 to 255; Magdoff et al., 1977) 

while runoff from fields with beef manure application in the past 4 to 62 days ranged from 2.15 

to 4.11 ppm (Gilley et al., 2007). 

 

Chemical oxygen demand in beef feedlot runoff was measured as 3,100 ppm (range 1,300 to 

8,200) for rainfall runoff and 41,000 ppm (range 14,100 to 77,100) for snowmelt runoff 

(Gilbertson et al., 1975), and 2,160 to 17,800 in lots across five states (Clark et al., 1975, as 

reported by Sweeten, 1991).  COD in runoff from stacked beef feedlot manure averaged 15,543 

ppm (range 1,129 to 50,713; Magdoff et al., 1977). 

 

A wide range of pathogens can be found in cattle manure and in feedlot runoff.  Often, indicator 

categories of bacteria are used to quantify the strength of pathogen concentration.  Summaries of 

research from the 1960s, 1970s and 1980s found total coliform bacteria concentrations in feedlot 

runoff of 0.7 to 3.5 x 108 CFU per 100 milliliters.  A subset, fecal coliform bacteria ranged in 

concentration from 5.3 x 106 to 2.4 x 108 CFU per 100 ml.  And fecal streptococcus 

concentrations ranged from 0.8 x 107 to 2.4 x 108 CFU per 100 ml.  Runoff from beef manure 

application areas had total coliform concentrations ranging from 1.0 to 9.0 x 104 CFU per 100 

ml, fecal coliform concentrations of 3.1 x 105, and fecal streptococcus concentrations of 1.0 to 

5.0 x 104, all in CFU per 100 ml (Crane et al., 1983). 

 

Pollutant sources and quantities  

 

Dirt and concrete lot runoff 

A feedlot is subject to the same erosion producing rainfall as the adjacent land, and although 

conditions of the feedlot and the surrounding surface may differ drastically, the effects of rainfall 

on solids transport and the erosion process are similar (Swanson et al., 1971). On an average 

annual basis this erosion is a function of slope angle and length, infiltration rate, and physical 

properties of the soil (Zing, 1940). However, the intensity, amount, and duration of rainfall can 

have a profound effect on the rate of the resultant runoff, and therefore erosion (Ayers, 1936). 

Here, the objective will be to review how feedlot surface (using inputs of feedlot surface type 

(earthen or concrete), average slope, size, aspect ratio, and a precipitation hyetograph) impact 

runoff volumes and sediment mass transport from the feedlot  

 

Properties of the feedlot surface 

The physical properties of the soil and manure pack (thickness, bulk density, water holding 

capacity, moisture content, hydraulic conductivity, infiltration rate, etc.) determines the water 

balance in the feedlot area and is responsible for partitioning precipitation into storage, runoff, 

and leaching volume. Mielke et al. (1974) suggested that three layers develop in the soil profile 

in a feedlot; a layer of manure accumulation, a black interface layer of mixed organic and 

mineral soil, and the native top soil. Moreover, he suggested that this interface layer was 

primarily responsible for limiting hydraulic conductivity. This layer forms through physical, 

chemical, and biological processes such as compaction from hoof traffic, plugging of soil pores, 

dispersion of clays from the high sodium and potassium levels, and biofilm development (Mielke 
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et al., 1974; Schuman and McCall, 1975; Miller et al., 1985; Rowsell et al., 1985; Barrington et 

al., 1987; McConkey et al, 1990). This description of the feedlot soil profile has generally been 

accepted (Miller et al., 2008; Olson et al., 2006; Maule and Chi, 2006), although more recent 

work by Cole et al. (2009) divided the manure accumulation into two layers, an upper dryer layer 

and lower wetter layer, although they propose that this division may be weather dependent with 

the boundary changing due to environmental conditions. Underneath this manure accumulation 

layer Cole et al. (2009) found a black interface layer that would limit seepage. In either case (i.e., 

the profile of Mielke et al., 1974 or that of Cole et al., 2009), the manure-soil hydrologic 

response expected would be similar; the upper layers (manure) would act as a sponge soaking up 

added moisture and the compacted soil-manure interface as an impermeable, or very slowly 

permeable, layer (Mielke et al., 1974). This is not to say leaching from a feedlot surface does not 

or cannot occur, but rather that on the time scale of the precipitation event seepage through this 

interfacial layer should be negligible in the overall water balance. For instance, Mielke and 

Mazurak (1976) reported feedlot infiltration rates of 0.12 cm/day while values from McCullough 

et al. (2001) ranged from 0.05 to 0.16 cm/day.  This is also true of concrete lots as no infiltration 

could occur; although in both cases significant fractions of precipitation could be stored in the 

accumulated manure depending on its moisture holding characteristics and its current moisture 

content. 

 

Another unique property of the feedlot surface is that in addition to precipitation, it also receives 

moisture through cattle defecation. The ASABE manure characteristics standard (ASABE, 2005) 

can be used to provide an estimate of the average annual addition of water to the feedlot surface. 

This is a function of animal stocking density and is presented as such in Figure 3-1 (assumes two 

cattle feed out cycles per year). As can be seen, the moisture addition in feces and urine can be 

quite large, even at 25 m2/head (typical stocking density for earthen lots in Iowa) approximately 

40 cm/year of water are added to the feedlot surface; for concrete lots, which often stock at 

densities of around 12 m2/head up to 82 cm/yr can be added. This amount of added moisture is 

important to consider when evaluating feedlot surface properties as it can increase moisture 

levels. For instance, in Iowa annual precipitation ranges from 63 to 102 cm (25 to 40 inches); 

thus, moisture from animal defecation can account for between 30 and 60% of the average 

annual moisture the feedlot surface receives. 

 

Figure 3-1.  Moisture additions to the feedlot surface resulting from cattle defecation. Calculated 

based on ASABE Standard 384.2 assuming two cattle grow outs per year. 
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Predicting runoff volumes 

Researchers (Gilbertson, 1980; Clark et al., 1975b) have suggested that the Soil Conservation 

Service (SCS) Curve Number (CN) method and linear regression equations are viable methods 

of predicting runoff volumes from beef feedlots. Clark et al. (1975a) utilized the regression 

method to show rainfall-runoff relationships from six feedlot locations. Based on these equations 

Gilbertson et al. (1980) stated that between 0.75 and 1.5 cm of rainfall will be retained on the 

feedlot surface and between 36 and 86% of any additional rainfall will runoff, with values 

fluctuating due to lot antecedent moisture conditions, feedlot shape, slope, and the type of feedlot 

surface. As an alternative method, numerous researchers have utilized the curve number method. 

Vanderholm and Dickey (1980) recommended values of 95 to 99.9 for concrete paved dairy lots 

and a value of 90 for paved beef cattle lots (Dickey and Vanderholm, 1977), suggesting that the 

greater manure accumulation on the surface of the beef lot resulted in greater retention of 

precipitation. Work from Gilley et al. (2011) suggested similar results, finding that for wet 

earthen feedlots a curve number of 90 was appropriate and that greater accumulation of 

unconsolidated surface materials reduced runoff volumes. Miller et al. (2003) studied runoff 

from unpaved lots near Alberta, Canada finding that curve numbers varied from 52 to 96 for 

runoff events, mostly due to different amounts of water storage within the feedlot manure pack, 

which they propose acted like a sponge, absorbing the initial rainfall until it became saturated. 

This follows the suggestion of Clark et al. (1975b) that the percentage of rainfall that runs off is 

proportional to the moisture deficit (evaporation minus precipitation) of the region. Similarly, 

many researchers have found that feedlot curve numbers can vary substantially (Table 3-1) with 

different weather and storm patterns. This analysis is supplemented with Figure 3-1, which used 

the precipitation and runoff data of Swanson et al. (1971), Swanson and Mielke (1973), Miller et 

al. (2004), Andersen et al. (2012), and Kreis et al. (1972) to determine which curve number and 

linear equation best fit the relationship between storm size and runoff depth. Both the curve 

number and linear equation fit the data similarly, explaining 73% of the variation in runoff depth. 

The ideal curve number was determined to be 91 and the linear regression equation suggested 

that 1.2 cm of precipitation was required to initiate runoff at which point 74% of all additional 

precipitation became runoff. However, there was again substantial variability about these 

relationships. This has led researchers to question the use of a standardized curve number for 

modeling feedlot runoff, and instead investigate the use of antecedent rain indexes and water 

balances on the manure pack to estimate runoff and speculate about the use models to simulate 

the dynamic process of infiltration and runoff. 
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Table 3-1. Runoff curve numbers reported in literature for describing the volume of feedlot 

runoff from sites with varying stocking densities, feedlots surfaces, and weather conditions. 

Author Feedlot Conditions Location 
Curve 

Number 

% 

Variation 

Kennedy et al. (1999) 
Unpaved, 17 

m2/head, Rainfall 
Alberta 55 - 83 51 

Kizil and Lindley (2002) 
Pond Ash, 46 

m2/head, Rainfall 

North 

Dakota 
82 - 97 18 

Swanson et al. (1971) 
Unpaved, Rainfall 

Simulator 
Nebraska 76 - 98 29 

Swanson and Mielke (1973) Unpaved, Rainfall Nebraska 73 - 100 37 

Miller et al. (2004) 
Unpaved, 18 

m2/head, Rainfall 
Alberta 59 - 95 61 

Andersen et al. (2012)  
Unpaved, 30 

m2/head, Rainfall 
Iowa 77 - 100 30 

Andersen et al. (2012)  
Unpaved, 16 

m2/head, Rainfall 
Iowa 77 - 98 27 

Andersen et al. (2012)  
Unpaved, 21 

m2/head, Rainfall 
Iowa 94 - 100 6 

Andersen et al. (2012)  
Paved, 7 m2/head, 

Rainfall 
Iowa 73 - 100 37 

Kreis et al. (1972) 
Soft chalky bedrock, 

11 m2/head, Rainfall 
Texas 79 - 99 25 

 

One such water balance model is that of Maule and Chi (2006), and although their model met 

with only limited success, it provides a framework for physically based feedlot runoff models. 

Their model used a moisture balance to calculate the retention factor used in the SCS CN 

method. The basis of the water balance was that water inputs from the both precipitation and 

cattle defecation and losses to evaporation change the moisture content of the manure pack, and 

that the available water holding capacity of the manure pack is equal to the SCS retention factor.  

In developing this moisture balance Maule and Chi (2006) assumed that seepage from the 

manure pack was negligible. Although the water balance method showed promise and was more 

successful than either a constant curve number or a curve number based on an antecedent 

precipitation index (Maule and Chi, 2006), more information on the hydraulic properties 

(conductivity, water retention, evaporative drying characteristics, porosity, wetting suction, 

rewetting characteristics) of the manure pack are needed, limiting implementation of this 

methodology. 
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Figure 3-2. Monitored runoff depth versus precipitation event size. Data from Swanson et al. 

(1971); Swanson and Mielke (1973); Miller et al. (2004); Andersen et al. (2011); and Kreis et al. 

(1972). The SCS curve number and a linear regression equation were fit the observed data. 

Model fitting suggested that the best curve number to use was 91 and the linear relationship 

indicated that 1.17 cm of precipitation were required to initiate runoff and thereafter 74% of all 

additional precipitation was converted to runoff; both equation had R2 values of 0.79. 

 
 

Modeling the runoff hydrograph 

Along with knowing the amount of runoff that occurs, proper analysis of settling basin 

performance and solids transport from the feedlot requires information on the runoff hydrograph 

(Lott et al., 1990). Little research has focused on this area; however, work by Swanson et al. 

(1971) and by Gilley et al. (2011) have shown that erosion from a feedlot surface is proportional 

to the flow rate of runoff across the surface, i.e., that the transport of sediment from the feedlot 

surface is in general transport limited. Moreover, Lott et al. (1990) suggested a similar idea, 

stating that experience in Australia has shown settling basin weirs are more prone to clogging 

after intense rainfall events, possibly due to increased momentum carrying more manure into and 

through the settling basin. The link between solids transport and flowrate reported by these 

researches seems plausible from a mechanistic standpoint as the feedlot surface is often covered 

with highly erodible particles; however, utilizing a relationship between flowrate and solids 

transport to predict feedlot runoff solids content requires a flow routing method be used to 

generate the runoff hydrographs. 

 

Several methods have been proposed to generate runoff hydrographs; these include hydrograph 

fitting, kinematic flow routing, and SCS synthetic hydrograph generation. Using hydrograph 

fitting would require the generation of large datasets in which both the precipitation hyetograph 

and the runoff hydrograph are monitored prior to interception by the runoff control system. 

Although example hydrographs from earthen and concrete lots have been reported in literature 

(Miner et al., 1966) insufficient information is provided to construct a unit hydrograph based on 

their findings and to generalize it to feedlots of differing size and slope. A second approach, 

using kinematic wave theory was proposed by Lott et al. (1990).  Although many of the 

underlying assumptions of kinematic wave theory are plausible for feedlots (pen surface is 
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relatively uniform with no significant irregularities, precipitation hyetograph across the feedlot 

surface would be similar, in most cases backwater effects would be negligible upstream of the 

sedimentation system), an accurate Mannings coefficient is required (Lott et al., 1990). The 

value of Mannings coefficient is unknown and probably varies with different pen surface 

conditions. Thus, at this time the SCS synthetic unit hydrograph approach as outlined by Haan et 

al. (1994) seems appropriate. 

 

In the SCS synthetic unit hydrograph approach the first step is to estimate the time to peak of the 

hydrograph. This can be estimated using the SCS Method (1975) as shown in Equation 1. In this 

equation Tp is the time-to-peak of the hydrograph in minutes, Δt is the duration of the unit excess 

rainfall in minutes, L is the length of the longest flow path in meters, CN is the runoff curve 

number (which could be adjusted based on the available water holding capacity of the feedlot 

surface), and slope is the average slope of the feedlot in m/m. This value can then be used in 

Equation 2 to calculate the peak flow rate. In this equation qp is the peak flow rate in cubic 

meters per second per centimeter of effective precipitation, A is the area of the feedlot in square 

meters, and Tp is the time of concentration in minutes. The SCS Dimensionless Unit Hydrograph 

can then be used to generate a unit hydrograph specific to the feedlot. Equation 3 provides a 

normalized equation which can be used to approximate the SCS hydrograph at different points in 

time, in this equation U is the flow rate of the unit hydrograph, in m3/s per cm effective 

precipitation, qp is the peak flow rate (m3/s-cm effective precipitation) as calculated in equation 

2, t is the time in minutes, and tp is the peak time (minutes) as calculated in Equation 1. To 

facilitate programming, the time to peak should be adjusted to occur at the closest multiple of the 

time-step used in the model and total flow for the unit hydrograph should be adjusted to ensure 

that it is equal to the equivalent of 1 cm of runoff from the contributing drainage area. Total flow 

is checked using Equation 4, where Q should be 1 cm, Δt is the time-step used in the model in 

minutes (chosen as 5 minutes here), Ui is the flow rate of the unit hydrograph at each point in 

cubic meters per second per cm, A is the area of the feedlot in square meters, and 6000 is a 

conversion from meters to centimeters and minutes to seconds. If this equation is not within the 

desired tolerance (0.0001) the peak flow is adjusted and then tolerance rechecked. This process 

should be iterated until the tolerance criterion is satisfied. 
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To use the unit hydrograph approach, estimates of effective precipitation for each time step are 

required. This can be generated by using a storm hyetograph and the SCS curve number method 

(or a feedlot surface water balance method) to estimate the amount of precipitation during each 

time step that would be converted to runoff. Using the SCS curve number method this can be 

accomplished by calculating cumulative precipitation and using the curve number method to 

determine cumulative effective precipitation at a given time step. The amount of effective 

precipitation for the current time step is then calculated by subtracting off the cumulative 

effective precipitation of the previous time step. The water balance method would be performed 

similarly, although in this case there would be no runoff until the available soil storage capacity 

was exceeded, at which point all additional rainfall would be considered effective precipitation. 

The runoff hydrograph is then generated by convolution of the excess rainfall hyetograph and the 

unit hydrograph. This is done using Equation 5. In this equation, qn is the flow rate of the nth time 

increment of the runoff hydrograph in cubic meters per second, Pm is the effective precipitation, 

in cm, occurring during the mth time increment, and Un-m+1 is the value of the n-m+1 time 

increment of the unit hydrograph, M is the number of increments that have excess rainfall, n is 

the time increment flow is being calculated for, and m is a count variable that is used to sum all 

effective precipitation increments that effect the flow of the current time interval. 
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Estimation of solids transport 

Several theories have been presented on erosion, but the prevailing sentiment among process-

based erosion models is that sediment transport capacity is the fundamental concept in 

determining detachment and deposition processes. Building of this conceptual framework began 

with the work of Ellison (1944, 1947a, 1947 b, and 1947c) who proposed dividing erosion into 

four sub-processes: (1) detachment by raindrop impact, (2) transport by rain splash, (3) 

detachment by surface flow, and (4) transport by surface flow. Meyer and Wischmeier (1969) 

proposed that sediment transport was either detachment or transport capacity limited. Since then 

the concept of limited sediment transport capacity of overland flow has been extensively applied 

in many physically based soil erosion models (Foster and Meyer, 1975; Beasley et al., 1980; 

Foster et al., 1995). Prosser and Rustomji (2000) focus on a simple transport capacity model, 

given as Equation 6, which has been widely applied to hillslopes. In this equation qs is the 

sediment transport capacity (g/min-meter width), q is the flowrate (L/min-meter width), S is the 

energy gradient (approximated as the surface gradient in %), and k, β, and γ are empirically 

derived constants. This equation was modified slightly for this analysis; both sides of the 

equation were divided by flow rate per unit width to solve the equation for runoff solids 

concentration (Equation 7). In this case the concentration is in mg/L and k handles the 

appropriate unit conversions. For this approach to be successful it is required that solids transport 

is flow capacity limited, that is, there is sufficient erodible particles available on the feedlot 

surface to satisfy the transport capacity. According to the work of Gilley et al. (2011), this 

assumption is reasonable, as feedlot surfaces typically have a large supply of highly erodible 

material available for transport. 

 
 Skqqs 
 (Equation 6) 
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 SkqC 1
 (Equation 7) 

 
The erosion model (Equation 7) was calibrated for feedlot sediment concentrations using data 

from Gilley et al. (2010), Gilley et al. (2011), and Swanson et al. (1971). These authors reported 

sediment transport and runoff from simulated rainfall events on feedlots of various slopes 

ranging from 4.8 to 13% and flow rates ranges from just above 0 to about 25 L per minute per 

meter plot width. Average solids concentrations were calculated by dividing cumulative 

sediment transport by total runoff. The fitted equation is noted in Figure 3-3a; also shown 

(Figure 3-3b) is a plot of measured versus modeled concentrations. In general, this equation 

showed a reasonable ability to fit the measured data describing more than 93% of the total 

variability of the solids concentration in runoff from the feedlot. In the plot of measured versus 

monitored concentration data, the best fit line’s intercept was not significantly different than 0 

and the slope of the line was not significantly different than 1 (α = 0.05) indicating the model 

performance was adequate. Moreover, the calibrated coefficients β and γ are within the ranges 

recommended by Prosser and Rustomji (2000) and near their final recommendation of 1.5 for β 

and γ (we found β = 1.821 and γ = 1.511, respectively); however, there are several limitations to 

this model. Namely, the model assumes sheet flow over the feedlot surface, although in some 

cases this may be true, especially on the smaller plots used in generating these data sets, on 

actual feedlots runoff might be more prone to channeling changing the relationship between 

relationship between solids concentration and flow rate. For instance, Miner et al. (1966) 

suggested that under channeling flow conditions runoff could be less polluted due to less 

interaction between the soil and the runoff water. 

 

Figure 3-3.  (a) Solids transport capacity as a function of runoff flow rate and feedlot slope. 

Open symbols represent measured data and filled symbols represent modeled data using the 

calibrated equation. Data used is from Gilley et al. (2011), Gilley et al. (2008), and Swanson et 

al. (1971). (b) Comparison of measured versus modeled solids concentrations shown with the 

best-fit line. The intercept was not significantly different than 0 and the slope was not 

significantly different than 1 (α = 0.05) indicating adequate model fit. 
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Although these controlled plot studies provide detailed information on the relationship between 

flow rate and total solids, they do little to illuminate how these solids were partitioned between 

suspended and dissolved solids. As illustrated above, solids concentrations are expected to 

increase with greater flow rates and steeper slopes, this is thought to be primarily due to 

increased suspended solid transport as steeper slopes and greater flow rates result in greater fluid 

velocities, larger shear forces on the soil surface, and greater turbulence to mix the sediment into 

the flow. However, the opposite trend may be expected for dissolved solids, that is increased 

velocities may lead to decreased concentrations due to less contact time between the flowing 

water and the feedlot surface (Miner et al., 1966). In addition to the impact of reduced contact 

time, larger storm events are often cited as diluting dissolved solids content in the runoff 

(Malouf, 1970). To test the impact of dilution on dissolved solids concentration we regressed the 

percent of the total moisture the feedlot surface received due to cattle defecation (cattle 

defecation moisture divided by annual precipitation plus cattle defecation moisture) against 

average total dissolved solids concentration in the runoff. This correlation was tested using the 

data from the six sites presented in Andersen et al. (2009) and those reported by Lorimor et al. 

(2003), Yang and Lorimor (2000), Edwards et al. (1986), Woodbury et al. (2002), and Kreis et 

al. (1972). The amount of moisture added by cattle defecation was calculated based on the 

ASABE manure characteristics standard (ASABE, 2005) assuming two feed outs per year, 

except for the Edwards et al. site where the author reported that only one feed out had occurred. 

Results indicated that percent moisture added from cattle defecation and average dissolved solids 

concentrations in the runoff were significantly correlated (r = 0.8888, p < 0.0001) and that this 

correlation was quite strong (figure 3) as evidenced by the 201 mg/L (Standard Error ± 34) 

increase in dissolved solids concentration for every one percent increase cattle defecation 

moisture had on the moisture balance of the lot surface. This slope of this regression line was 

significantly different than zero (p = 0.0003); however, the intercept (-1703 mg/L) was not (p = 

0.2342). 

 

Figure 4-4. Regression between the average dissolved solids content of feedlot runoff and the 

percent of the moisture the lot receives from cattle defecation (moisture addition from defecation 

divided by annual rainfall plus moisture from cattle defecation). Moisture from cattle defecation 

calculated using ASABE manure characteristics standard. Dashed lines represent 95% 

confidence intervals. 
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Implications for managing the lot surface 

 

This leads to the question, given this information how should we design and manage the lot to 

minimize solids transport? Based on Figure 3-3, it is clear that the flow rate of effluent across the 

feedlot surface should be minimized by diverting clean water around the feedlot. This need is 

further emphasized when one considers that the soil detachment rate is usually considered to be 

proportional to the difference between the sediment transport capacity and sediment load in the 

flow, and since the outside runoff water would be relatively clean the erosion rate from the 

feedlot surface would be high. Along with this consideration other measures that reduce flow 

rates could also be utilized. Based on Equations 6 and 7, these measures would include 

minimizing the size of the feedlot to limit extra runoff from the contributing drainage areas, i.e., 

stocking cattle at the recommended density, minimizing the slope of the lot to slow the flow rate 

(although sufficient slope to encourage uniform drainage and maintain a well-drained feedlot 

need to be maintained), and adjusting feedlot shape to minimize the length-width ratio of the 

feedlot (shorter slope length and less contributing drainage area), or adding settling basins within 

the feedlot to break up longer slop lengths. 

 

To illustrate these concepts and to better understand effects of the various design variables the 

developed model was utilized. The first variables investigated were feedlot size and slope. This 

was done by varying these two parameters while holding storm size and intensity constant. 

Results (Figure 3-5a) of this investigation are presented as total solids transported for a 2.54-cm, 

1-hour, uniform intensity storm. A feedlot curve number of 91 and a feedlot aspect (length-to-

width) ratio of one were used.  Results showed that solids concentration increased exponentially 

with slope, so minimizing the feedlot slope is critical.  Lot size increases also increased solids 

concentration due to greater upslope contributing area, but in this case increases were 

logarithmic as doubling lot size did not double contributing flow length. Figure 5b supplements 

this analysis by analyzing the impact of the feedlot aspect ratio (Length to width ratio). This 

analysis is also presented for a 2.54-cm, 1-hour storm, a feedlot curve number of 91, and a lot 

slope of 4%. This figure shows the logarithmic increases caused by increasing the drainage 

length. The slight discontinuities in this graph are caused by incremental change in the peak 

hydrograph time, which was required to be an increment of the five-minute time step used in the 

analysis. 
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Figure 3-5. (a) Effects of feedlot size and slope on the solids transport from the feedlot surface 

on a per hectare basis. (b) Effects of feedlot aspect ratio (length-to-width) and feedlot size on the 

solids transport from the feedlot surface. 

 

  

(a) (b) 

 

In addition to these designer controlled properties, uncontrollable hydraulic properties also play a 

key role. To illustrate this effect, we calculated the estimated erosion from various intensity 

storms. In all cases storms were modeled to last for an hour, thus each storm event was of a 

different magnitude. To make results comparable, flow weighted average solids concentrations 

are presented (Figure 3-6). In this case the feedlot slope was specified as 4%, the aspect ratio at 1 

and the runoff curve number as 91. This plot illustrates that the larger flow rates produced by 

more intense rainfall events increases the transport capacity of the flow and with it projected 

erosion. 

 

Figure 3-6. Total solids concentrations in feedlot runoff from a 1-, 2-, and 3-hectare feedlot as a 

function of storm intensity for a 1-hour, uniform intensity storm. Results are for a feedlot with 

slope of 4%, an aspect ratio of 1, and a curve number of 91. 
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Runoff control: Settling basins 

Preventing potential problems from developing into real problems requires feedlot operators to 

be proactive in installing runoff control systems, managing solid manure, and maintaining the 

feedlot surface. Research has been performed on these topics since the early 1970’s, with much 

of the work focusing on various methods of treating and handling feedlot runoff. The first 

practice implemented in almost every runoff control system is almost universally a settling basin, 

or similar settling practice, thus the objective of this section is to consolidate the data necessary 

to model solid settling systems based on the physical characteristics of the runoff and determine 

the impact they have on runoff characteristics.  

 

Sediment is composed of many materials, including individual mineral particles, aggregates, 

organic material, and their associated chemicals. The properties of this sediment, i.e., its size, 

shape, density, surface charge, etc., affect its settling velocity and in turn its transport. In general, 

settling regimes can be classified into four types: (1) discrete particle settling, (2) flocculent 

settling, (3) hindered or zone settling, and (4) compression settling. The settling regime that 

occurs is dependent on the concentration of solids in the solution and the tendency of the 

particles to interact. Feedlot runoff can, and typically does, experience all four regimens; 

however, for typical design purposes the process is usually assumed to be dominated by Type I-

discrete particle settling. This process can be modeled with Stokes Law (Equation 8). 
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    (Equation 8) 

 

In this equation vs is the settling velocity of the particle (m/s), g is the acceleration due to gravity 

(m/s2), ρp is the particle density (kg/m3), ρf is the density of the fluid (kg/m3), dp is the diameter of 

the particle (m), and μ is the dynamic viscosity of the fluid (N-s/m2). Typical design of a settling 

basin involves selecting a critical settling velocity (vc) and then sizing the settling structure such 

that all particles with a terminal velocity equal to or greater than the selected critical velocity will 

be captured within the basin; however, scientific justification for selecting a specific critical 

velocity is still lacking. After the critical settling velocity is selected, it can be related to the 

required surface area of the settling basin by dividing the flow rate by this critical velocity (as 

shown in Equation 9). 

 

cv

Q
A     (Equation 9) 

 

In this equation A is the required surface area of the settling basin (m2), Q is the flow rate of 

effluent into/out (assuming steady state) of the settling basin (m3/s), and vc is the selected critical 

particle settling velocity (m/s). Thus, in practice settling basin design requires the selection of 

two constraints, flowrate, which typically is chosen based on a design storm, and the critical 

settling velocity.  

 

Settling velocity distributions provide a direct measurement of the property of interest, i.e., the 

retention time required to achieve sedimentation of a specified fraction of the transported 

material. The measurement of settling velocity distributions provides a fundamental, but 
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empirical, approach to evaluating runoff settleability. As such, the use of the settling velocity 

distribution provides a sound method to evaluate settling basin performance and design; 

however, a more comprehensive understanding of the parameters that cause the settling velocity 

distribution are useful for detailed modeling and extrapolating data beyond their original use. As 

this is the case, the approach in this manuscript will be to first look at the settling velocity 

distribution, and then to focus on the various properties of the solid particles and runoff effluent 

that gave the waste stream the observed settling properties. 

 

The settling velocity distribution provides a relationship between settling time and the percentage 

of particles remaining in solution. Data of this type has been presented in numerous manuscripts 

(Gilbertson et al., 1972; Gilbertson and Nienaber, 1973; Moore et al., 1975; Gilbertson and 

Nienaber, 1978; Lott et al., 1994; Pepple et al., 2011); however, differences in sampling depths 

between studies makes it difficult to directly compare information. To remove this constraint all 

data was transformed to represent a one meter sampling depth; this was done by dividing the 

depth of one meter by the settling velocity (sampling depth for the study divided by sample 

collection time) and calculating the percent of total solids remaining in the supernatant at the 

sample time (supernatant concentration divided by original total solids concentration times one 

hundred). As was done by Lott et al. (1994) and Pepple et al. (2011) a regression model was fit 

to the settling velocity distributions to facilitate comparisons. In their work, Lott et al. (1994) 

used a four-parameter hyperbola equation to fit the data while Pepple et al. (2011) used a 

decaying exponential equation (based on that of Branch-Papa et al., 2006); these are shown as 

equations 10 and 11 respectively. In Equation 10, y represents the percentage of material settled, 

t the settling time, and a, b, c, and d are fitting parameters with little physical meaning. In 

Equation 11, A represents the percent of total solids that are settleable, B represents a time 

constant related to the distribution of particle settling rates of the feedlot runoff solids, and C 

represents the percent of total solids that are non-settleable. The advantage of Equation 8 is that 

the meaning of all three of the fitting parameters can be interpreted; however, since this equation 

has fewer fitting parameters it has a reduced flexibility to match the shape of the settling velocity 

distribution. In this review, we chose to use the equation of Pepple et al. (2011) as it aided in 

interpretation while still providing a good quantitative description (R2 >0.65 for all samples and 

higher than 0.85 for all samples other than Lott et al., 1994) of the settling velocity distribution. 

 

ct
dt

b
ay 




1
 (Equation 10) 

  CBtATS  exp  (Equation 11) 

 

This analysis broke the settling velocity distributions into two categories, earthen lots and 

concrete lots. Studies that worked with the settling properties of cattle feces from confinement 

operations were included in the concrete runoff data as it represents unaltered properties of the 

manure solids, i.e., there was no mixing of manure solids with soil particles. Only two studies 

(Pepple et al., 2011; Gilbertson and Nienaber, 1978) have provided examples of typical of 

settling distributions for concrete lot runoff solids. The Gilbertson and Nienaber (1978) study 

reported two settling velocity distributions for beef manure, one sample was beef manure (8% 

total solids) collected from a 100-head housed feedlot and the other was the same manure that 

had been ran through a 30 mesh (595 µm) screen prior to the settling test. The Pepple et al. 

(2011) samples were collected from multiple runoff events at three different concrete lots. The 
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average and standard deviation of the Pepple et al. (2011) settling velocity distributions and the 

two Gilbertson and Nienaber (1978) settling velocity distributions are shown in Figure 3-7. The 

Gilbertson and Nienaber (1978) samples settled similarly to those from Pepple et al. (2011). The 

screened cattle feces sample was similar to slower settling concrete runoff sample in terms of 

settling velocity distribution. The regular cattle manure feces sample collected by Gilbertson and 

Nienaber (1978) settled very similarly to the quicker settling samples from Pepple et al. (2011). 

The fact that many of the runoff samples had similar settleability to a screened manure sample 

could indicate that smaller solid particles are selectively transported during runoff events (see 

discussion on particle size distribution). Alternatively, this could indicate that biological 

degradation of the manure solids, which would cause a decrease in particle size, occurred prior to 

the runoff event, reducing settlability. The non-screened manure sample collected by Gilbertson 

and Nienaber (1978) resembled good settling events from the Pepple et al. (2011) data. This 

could indicate that the feedlot surface had been recently cleaned prior to the runoff event and 

available particles were similar to those from fresh feces or alternatively that the runoff event 

was large enough to transport all particles on the feedlot surface, rather than just smaller, more 

easily suspended and transported particles. 

 

Figure 3-7. Settling velocity distributions for concrete lot runoff solids from Pepple et al. (2011) 

and settling velocity distributions of housed beef cattle feces from Gilbertson and Nienaber 

(1978). Graph is constructed for a 1 m deep settling basin. Solid grey lines represent average ± 

one standard deviation in settling rate from Pepple et al. (2011).  

 

The same analysis was conducted for the earthen lot data. In this case, data was available from 

Pepple et al. (2011), Gilbertson and Nienaber (1973), and Lott et al. (1994). The settling velocity 

distributions reported (Figure 3-8) varied drastically among the three sources, with the settling 

velocities reported by Lott et al. (1994) being extremely quick and those of Pepple et al. (2011) 

being very slow in comparison. The velocity distributions reported by Gilbertson and Nienaber 

(1973) were slower than those of Lott et al. (1994), but still substantially faster than those of 

Pepple et al. (2010). Gilbertson and Nienaber (1973) and Pepple et al. (2011) collected samples 

from multiples runoff events and in the case of Pepple et al. (2011) from multiple feedlots. Lott 

et al. (1994) collected solids from the feedlot surface for particle size analysis. We hypothesize 

that differences in sample collection methodology (from the lot surface as opposed to from 

runoff events) and differences hydrology conditions between lots may have contributed to these 
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differences. As the Lott et al. (1994) sample was collected from a feedlot surface the particle size 

distribution wasn’t subject to the raindrop impacts that could break apart aggregates nor to the 

sorting of particles (due to selective erosion and transport) that would occur during runoff events. 

This lead to a distribution of solids that tended to be larger than those encountered in the natural 

rainfall events of Gilbertson and Nienaber (1973) and those of Pepple et al. (2011). Likewise, the 

Gilbertson and Nienaber (1973) feedlot was located on a much steeper slope (10%) than the lots 

sampled by Pepple et al. (0.5 – 5%). The gentler slope probably contributed to slower runoff 

rates and therefore more selective transport of smaller, more easily eroded and suspended 

particles. Additionally, the Pepple et al. study utilized grab sample collection while the 

Gilbertson and Nienaber study used electronic sampling equipment. Collection of the grab 

samples was delayed towards the later stages of the runoff event due to travel times to the lots, 

which may have resulted in lower sediment concentrations and finer particle sizes then those 

collected with the electronic equipment of Gilbertson and Nienaber. 

 

Support of this hypothesis is provided by the data sets of Pepple et al. (2011) and Gilbertson and 

Nienaber (1973), both of which show substantial event-to-event variation in runoff settleability, 

with Gilbertson and Nienaber (1973) going so far as to classify certain events as good settling 

and others as poor settling. The fact that the variability occurs within a lot indicates that 

differences in event intensity, and therefore runoff rates, can have a large impact on sediment 

size distributions. This concept was investigated in rainfall simulator study of Gilley et al. (2011) 

in which they measured particle size distributions under various runoff rates, finding that median 

particle size was positively correlated with runoff rate. Differences in natural soil texture of the 

lots also may be an important factor in the settling velocity distribution as researchers have 

shown that between 25-50% of all solid removed during lot cleaning could be soil (Gilbertson et 

al., 1975; Parker et al., 2004). 

 

Figure 3-8. Settling velocity distributions for earthen lot runoff solids from Pepple et al. (2011), 

Gilbertson and Nienaber (1973), and Lott et al. (1994). Graph is constructed for a 1 m deep 

settling basin. Solid grey lines represent average ± one standard deviation in settling rate from 

Pepple et al. (2011). 

 

The density differences between the particles and fluid provide the energy gradient for settling, 

thus particle density is an important characteristic for determining the settleability of runoff 
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solids. Currently, four references (Gilbertson and Nienaber, 1973; Frecks and Gilbertson, 1974; 

Gilbertson et al., 1975; and Pepple et al., 2011) have reported particle densities of solids in 

feedlot runoff or of cattle manure. All four studies used a pycnometer procedure (Blake and 

Hartge, 1986) to determine particle density. Measured particle densities have been fairly 

consistent, with Pepple et al. (2011) and Gilbertson and Nienaber (1973) reporting average 

particle densities of 1.89 ± 0.11 g/cm3 and 1.95 ± 0.18 g/cm3 respectively for solids in runoff 

from earthen surfaced feedlots. Gilbertson et al. (1975) also measured the particle density of 

solids obtained directly from the feedlot surface, finding an average particle density of 2.28 

g/cm3, which is substantially denser than those found to be transported in the lot runoff and may 

indicate preferential transport of the lighter particles. Pepple et al. (2011) reported the particle 

density of solids in concrete lot runoff to be 1.47 ± 0.17 g/cm3; this is very similar to the values 

Freck and Gilbertson (1973) reported for feces from cattle fed high roughage (1.53 ± 0.22 g/cm3) 

and high concentrate (1.50 ± 0.23 g/cm3) diets. 

 

These results indicate several points; first diet does not appear to have a significant effect on 

particle density. Second, there appears to be a large difference in particle densities between 

earthen and concrete lots, with concrete lot particle densities being significantly lighter than 

earthen lot runoff solids. Many researchers (Gilbertson et al., 1975; Parker et al., 2004) have 

reported that when cleaning earthen lots, a substantial amount of soil is removed with the cattle 

feces. Gilbertson et al. (1975) attributed the large amount of soil removed during feedlot cleaning 

to “animal mixing,” i.e., mixing of feedlot soil and animal feces due to the stirring action of the 

animal hooves, thus it is probable that the increased particle density of earthen lot runoff solids is 

due to manure and soil mixing as typically mineral particles have densities around 2.65 g/cm3 

(although there is substantial variation about this value depending on soil mineralogy and 

organic matter content). Regardless, both (earthen and concrete) particle densities are 

substantially lower than the 2.65 g/cm3 often assumed for solid particle densities and used in 

feedlot runoff sedimentation models (Tolle et al., 2007); this can have a dramatic impact on 

settling rates and settling basin performance. For instance, earthen lot particles with a density of 

1.92 g/cm3 (the average of values from Pepple et al., 2011 and Gilbertson and Nienaber, 1973) 

would settle 44% slower than particles having a density of 2.65 g/cm3. The case is even worse 

for concrete lots runoff solids, which would settle 70% slower (assuming a particle density of 

1.50 g/cm3, i.e., the average of Pepple et al., 2011 and Freck and Gilbertson, 1973). However, 

assuming one particle density for all runoff solids may be oversimplifying. The studies by 

Gilbertson and Nienaber (1973) and Gilbertson et al. (1975) reported particle density increased 

with decreases in particle size (Figure 3-9). In the Gilbertson and Nienaber (1973) study, the 

densities reported are for solids that were collected from feedlot runoff; the Gilbertson et al. 

(1975) data is for solids collected directly from the feedlot surface. In both cases the results were 

similar – smaller particles (< 45 μm) had densities around 2.3 g/cm3 but for larger particles 

density decreased rapidly reaching 1.4 g/cm3 for particles larger than 2000 μm. This implies that 

by using one particle density to calculate the settling rate for solids the settling rate of large 

solids will be overestimated whereas those of small solids will be underestimated. Interestingly, 

although the particle densities as a function of particle size were similar for both studies 

(Gilbertson et al., 1975; Gilbertson and Nienaber, 1973) the overall “average” particle densities 

measured were quite different, which would imply preferential transport of particles during 

feedlot runoff events. 
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Figure 3-9.  Particle density of solids in lot runoff (from Gilbertson and Nienaber, 1973) and 

solids on the lot surface (Gilbertson et al., 1975) versus particle density. 

 

 

As discussed by Gilley et al. (2011), runoff rate has a significant influence on both erosion rate 

and particle size distribution. This implies that the sediment size distribution will be extremely 

variable as flow rate is a function of the feedlot runoff hydrograph, which in turn is a function of 

the storm hyetograph, feedlot characteristics, and the current hydraulic conditions of the feedlot 

surface. Swanson and Mielke (1973) reiterate this thought, stating that it is extremely difficult to 

apply empirical formulas to scientifically design solids traps for feedlots because variation in 

materials available for transport, varying rainfall energies and runoff rates, and changing water 

temperature and viscosities create large variability in material settleability. Additionally, Møller 

et al. (2002) found that the relative fraction of large particles decreased and small particles 

increased with storage time of manure. Typically, open feedlots only remove fecal materials 

from the lot once or twice per year, thus the particle size distribution of the manure would be 

expected to change with the amount of decomposition that occurred and the rate at which new 

fecal material is added. Furthermore, as there is a large amount of mixing between the cattle 

feces and the feedlot soil, particle size distributions from earthen feedlots will be a function of 

not only the animal waste, but also the soil on which the lot is constructed.  

 

Chang and Rible (1971) performed one of the earlier studies on the particle size distributions of 

livestock waste. In their study they dry-sieved (for deposited beef manure) or wet sieved (fresh-

collected) manure samples to separated particle sizes into six fractions ranging from greater than 

1000 μm to less than 53 μm. They found that approximately 56% of solids in manure were sand 

sized or larger (> 53 μm) and the other 44% were silt and clay sized particles (< 53 μm). 

Similarly, Gilbertson and Nienaber (1978) used a sieving procedure to study particle size. They 

found that 60% of solids in cattle manure were silt and clay sized and 40% were sand sized. In a 

study on the effect ration had on beef cattle feces, Frecks and Gilbertson (1974) found that cattle 

fed a high concentrate ration had a larger percent of solids of silt sized or finer (50%) than cattle 

fed a high roughage ration (29%). Gilbertson et al. (1975) and Swanson and Mielke (1973) 

reported particle size distributions, again determined with a sieving procedure, for solids 

collected from earthen feedlot surfaces. Gilbertson et al. (1975) reported that the material was 
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30% sand sized or larger, 60% silt sized, and 10% clay sized. Swanson and Mielke (1973) found 

a particle size distribution of 17% sand sized, 47% silt sized, and 36% clay sized on the lot they 

monitored. The particle sizes reported by both Gilbertson et al. (1975) and Swanson and Mielke 

(1973) suggested a substantially smaller sand sized fraction than was found in fresh cattle 

manure (Chang and Rible, 1971; Gilbertson and Nienaber, 1978). This would tend to follow the 

suggestion of Møller et al. (2002) that storage time, in this case weathering and decomposition 

during accumulation and storage on the feedlot surface, may be decreasing the percentage of 

large particles and increasing the percentage of small particles. Alternatively, this could indicate 

that preferential transport of the smaller particles is occurring.  

 

Gilbertson and Nienaber (1973), Pepple et al. (2011), and Gilley et al. (2011) all reported particle 

size distributions for solids transported in feedlot runoff. The Gilbertson and Nienaber (1973) 

and Pepple et al. (2011) studies reported average particle size distribution from solids transported 

from multiple runoff events, and in the case of Pepple et al. (2011), from several different 

feedlots, from naturally occurring runoff events. The Gilley et al. (2011) study used rainfall 

simulator to generate runoff. Gilbertson and Nienaber (1973) found that 80% of solids were silt 

sized or finer, while only 20% of all solids were sand sized. Pepple et al. (2011) reported that on 

average 2% of the transported solids were sand sized, 48% were silt sized, and 50% clay sized. 

Moreover, they (Pepple et al., 2010) found no difference in particle size distributions between 

concrete and earthen lots. Gilley et al. (2011) reported that that sand sized fractions ranged from 

10 to 45% of the particles transported in feedlot runoff while the clay sized fractions ranged from 

15 to 55%. Gilley et al. (2011) also reported that median particle size was significantly affected 

by runoff flow rate, with median particle diameter increasing with increasing runoff rate. This 

again illustrates that solids transport is a strong function of the hydrology. 

 

Implications for solid settling basin design 

 

This brings us to objective three; evaluating the reported settling characteristics of feedlot runoff 

solids in terms of settling basin design standards and recommendations. This will be done 

following two different methodologies; the first follows the settling basin design guidelines for 

open beef feedlots specified by the Iowa Department of Natural Resources (Iowa DNR, 2007) 

and the second following the recommended design practices recommended in the USDA’s 

Vegetative Treatment System (VTS) guidance document on solid-liquid separation (Nienaber et 

al., 2006). 

 

Iowa administrative code requires feedlot runoff be slowed to a flow velocity of less than 0.15 

m/s for a minimum of five minutes, sufficient storage capacity to contain all runoff from a 10-

year, 1-hours storm, and one square meter of settling basin surface area for every 2.4 m3 of 

runoff per hour. Let’s look at an example using these design criteria; assume a 2-ha (4.95 acre) 

earthen feedlot near Ames, Iowa (10-year, 1-hour storm of 5.8 cm/hr). Since this is an earthen 

surfaced feedlot a curve number of around 91 is appropriate for determining the volume of 

runoff. Based on this value approximately 3.63 cm of runoff should be generated resulting in 726 

cubic meters of runoff. Since this is the volume of runoff occurring in one hour a surface area of 

the settling basin of 300 m2 is required. Assuming the basin is designed to provide the required 5 

minute detention time and that the basin is at steady flow (inflow = outflow) then the depth of 

liquid in the basin would be 0.2 m. Thus in this case the basin dimensions would be 6.6 m wide, 



79 

 

45 m long, and a flow depth of 0.2 m. What is the minimum particle size that would be 

completely removed in this basin? Based on the depth of flow and hydraulic retention time the 

basin should capture all particles with a settling velocity greater than 0.00067 m/s. Using Stokes’ 

Law (Equation 1) and assuming a particle density of 2000 kg/m3, a fluid density of 1000 kg/m3, 

and a viscosity 0.001307 N-s/m2 (~10°C) this corresponds to a particle size of approximately 40 

μm. If this had been a concrete lot (curve number of 94 and a particle density of 1,500 kg/m3) 

then the design volume would have been 853 m3, the length would still be 45 m, the required 

width would be 7.8 m, and the liquid depth would be 0.2 m. In this case the smallest particle size 

settled would be 57 μm. Thus in both cases the settling basin would be designed to remove 

approximately all the sand sized particles, but virtually none of the silt. 

 

The USDA NRCS VTS guidance document suggests designing for a solid settling rate of 1.22 

m/hr (0.61 m/hr for basins less than 0.61 m deep), for either a 10-year, 1-hour storm event or a 

25-year, 24-hour event, a dewatering time of 30-72 hours, and a liquid depth of less than 1 m. 

Since the basin designed using the Iowa standard had a liquid depth of less than 0.61 m let’s 

assume the more conservative case of a 0.61 m/hr settling rate. In this case it is suggested to 

design assuming all precipitation will be converted to runoff. Following this suggestion, the 

required surface area would be 1,900 m2. The storage volume is calculated in two ways, the first 

is based on the projected runoff volume (1,160 m3) or from the liquid storage depth (calculated 

from the settling rate and a user selected detention time, minimum of 0.5 hours) times the basin 

area (580 m3). The larger value 1,160 m3 is selected. Again assume the basin is at steady flow 

conditions, the liquid depth would be the design volume divided by the surface area 0.6 m and 

the detention time would be one hour (basin volume divided by flow rate). Following the above 

procedures, the minimum particle sizes that would be projected to be removed would be 20 μm 

for an earthen lot and 28 μm for a concrete lot, or roughly half of all silt sized particles. 

 

Solid manure 

Handling systems affect manure nutrient levels and forms by influencing gaseous emissions, 

exposure to runoff and leaching, and as a result can influence a manures ability to supply crop 

nutrients when land applied. Traditionally, on feedlots, pens are cleaned periodically and then the 

manure is stockpiled, either near the lot or in a field and then eventually land applied. In some 

cases, lots might be scraped frequently and the manure land applied almost immediately. So what 

difference does each of these make to the manure properties? 

 

Freshly excreted manures are often very wet, which is especially true during wet periods of the 

year, like after rainstorms or snowmelt. These wet conditions generally make long-distance 

transport difficult or almost impossible. This also requires field be available for land application 

throughout the year, and as such, has generally fallen out of favor as it means the ground can’t be 

used to support crop production throughout the summer. Though in some cases, through the use 

of varied rotation, usually including some hay ground, land application can be accomplished. As 

a result, stockpiling manure becomes more prevalent. In this practice, manure is cleaned form the 

pen surface and then heaped into stacks, or stockpiles, to await reloading, hauling, and spreading. 

Stockpiling is generally a passive process but helps in matching manure application timing to 

better align with typical crop production practices. A third alternative is composting. Composting 

is an aerobic treatment where the manure is managed so the pile continues to have oxygen in it, 

providing conditions for microbes and bacteria to break down the material. Composting uses 
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mixing to make a more uniform pile and causes the material to heat, often killing pathogens 

within the manure and inactivating weed seeds. 

 

When looking at the results, there are two things to look at. The first is the nutrient 

concentrations and the second is the mass balance.  When it comes to the concentrations, this 

tells us how far we can afford to move the manure. Higher concentrations mean we can afford to 

haul it a bit further as it is more nutrient dense. The results indicate that both stockpiling and 

composting increase the nutrient density relative to fresh manure. Much of this change is due to 

water loss, so we just aren’t hauling around as much water. 

 

However, looking closer at the results, will note that the manure ends up with less nitrogen and 

phosphorus to land apply from both stockpiling and composting. This occurs because some of 

the nutrients are lost due to volatilization of the nitrogen during the storage process.  Some of the 

loss of is due to dust and rainfall runoff during stockpiling and composting for phosphorus. 

Taken together, these results would show that if we need to transport manure long distances, 

composting might be a good option, but if we are using the manure on farm and want all those 

nutrients, stockpiling might be a better choice for your operation. Of course additional factors 

like consistency of the manure, killing pathogens, or inactivating weed seeds might be additional 

factors to consider. These results are a summary of Larney et al., (2006): fresh, stockpiled, and 

composted beef cattle feedlot manure: nutrient levels and mass balance estimated in Alberta and 

Manitoba. 

 

 

Table 3-2. Nutrient concentration of fresh, stockpiled, and composted beef cattle 

manure 

 
Dry 

Matter 
Water 

Total 

Carbon 

Total 

Nitrogen 

Inorganic 

Nitrogen 
Total P 

 lb/ton lb/ton lb/ton lb/ton lb/ton lb/ton 

Fresh 698 1,302 216 11.2 2.6 3.2 

Stockpiled 856 1,144 212 13.2 3.8 4.6 

Composted 1,280 720 208 18.0 1.0 6.6 

 

 

Table 3-3. Mass comparison of fresh, stockpiled, and composted beef cattle manure 

 
Initial 

Mass 

Final 

Mass 

Dry 

Matter 
Water 

Total 

Carbon 

Total 

Nitrogen 
Total P 

 lb lb lb lb lb lb lb 

Fresh 1,000 1,000 349 651 108 5.6 1.6 

Stockpiled 1,000 636 272 364 67 4.2 1.5 

Composted 1,000 328 210 118 34 3.0 1.1 
 

 

Nutrient management 

During the twentieth century, agricultural production strived to achieve increased food 

production in order to satisfy both local and export demands. In many cases, this led to increased 

farm sizes and an operational separation of crop and livestock production. Society fears that the 
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trend of increasing centralization and industrialization of agriculture, specifically animal 

agriculture, has resulted in concentration of waste products associated with their production 

(manures, wash-down water, process waters, etc.) over relatively small geographic regions that 

are spatially segregated from crop production areas. Since the distance that manure can be 

economically hauled for land application has practical limits, the public fears that this spatial 

separation between crop and animal production areas could lead to over-application, i.e., in 

excess of crop nutrient demand, near animal feeding facilities, and thus potentially increase 

transport of nutrients to ground and surface waters. Similarly, Sulc and Tracy (2007) suggest 

four positive factors are associated with livestock being integrated into cropping enterprises: (i) 

crops can be used to feed livestock, minimizing the import of outside feed stuffs, (ii) livestock 

manure can serve as a source of nutrients for crop production, (iii) livestock can serve as a sink 

for agricultural by-products, and (iv) ruminant livestock encourage the establishment of 

perennial grass and legume forages as a feedstuff. Given both the potential environmental risks 

of separation of crop and livestock production can have, and the positive benefits integration of 

crop and livestock production systems can have, there is a need to evaluate the distribution of 

manure production in comparison to an areas nutrient assimilation capacity to better understand 

the regions agricultural structure. 

 

This has led many to question whether different agricultural areas have sufficient land to utilize 

the manure being produced in areas with intense animal production. Work by Kellogg et al. 

(2000) demonstrated these issues in two ways, first at a county-by-county basis and then based 

on a farm-level analysis. In general, they found that only 73 counties had county level manure to 

crop nutrient capacity imbalances; however, they estimated that 89,028 farms had farm level 

nutrient imbalances, indicating that developing markets to trade manure are necessary to keep 

these farm level imbalances from leading to over application of manure nutrients. The majority 

of these farms were poultry, but the second most important was fattening cattle which accounted 

for approximately 20% of farms with nitrogen and phosphorus imbalances at the farm level. 

  

Injection 

As stated previously, the objective of the two previously discussed practices is to reduce nutrient 

transport to the surface water (or other conduit to water) primarily by reducing erosion, but also 

by reducing surface transport of nutrients. It has long been noted that the transport of P from 

agricultural areas to surface waters is primarily by runoff and erosion, and thus its transport is 

heavily influenced by surface soil P content and the method, rate, and timing of fertilizer and 

manure P application (Sharpley et al., 1993). As runoff only interacts with the very top of the soil 

profile, injection or immediate incorporation have both been proposed as best management 

practices for reducing transport of manure nutrients as it moves the manure to a zone in the soil 

where it will have less interaction with runoff water and therefore be less prone to transport and 

loss. A recent study by Gilley et al. (2013) evaluated several different manure land application 

methods (broadcast, broadcast with disk incorporation, injection) for three sources of swine 

manures (grower pigs, finisher pigs, and sows). This study was performed at the plot-scale in 

Nebraska and used simulated rainfall, but offers a direct comparison of how different application 

methods impacted nutrient transport in surface runoff. They found that injection decreased 

dissolved phosphorus transport by 60%, particulate phosphorus transport by 40%, total 

phosphorus transport by 46%, ammonia transport by 84%, and total nitrogen transport by 20%. 

In general, these reductions are well within the range that we would expect to be achieved with 



82 

 

the 35-foot vegetative buffer and indicate that injection will meet the performance requirements 

for reduction in transport of soluble nutrients. It also appears to provide a similar level of 

performance for particulate attached nutrients. Gilley et al. (2013) also compared the use of disk 

incorporation to surface broadcast, in this case the results indicated that incorporation decreased 

dissolved phosphorus by 45% but increased total phosphorus by transport by 20%. Similar 

results were seen for nitrogen as incorporation reduced ammonia nitrogen transport by 50% but 

increased total nitrogen transport by 24%. These results are as expected, injection placed the 

manure below the soil surface while minimizing soil disturbance, this resulted in a situation 

where the soluble contaminants were not in contact with the surface runoff and as a result, their 

transport was minimized. This was done while causing minimal soil disturbance, soil transport of 

sediment bound contaminants was also minimized. In the case of incorporation, the transport of 

soluble contaminants was reduced by encouraging their contact with soil particles and working it 

below the soil surface, but the tillage resulted in greater potential for transport of sediment bound 

contaminants. A fair interpretation of this study would be that either injection or incorporation 

will provide a sufficient level of control of soluble contaminants to meet or exceed the 

performance that would be achieved with a 35-foot vegetative buffer and surface manure 

application. However, some level of concern or indexing of solids transport may also need to be 

considered in situations where tillage is performed. In this study, incorporation occurred with the 

slope of the plots which make have increased the erosion potential of the runoff. A 1979 study by 

Ross et al. quantified the quality of runoff from land receiving either surface application or 

injection of liquid dairy manure. In this study Ross et al. (1979) injected manure into both sod 

and a tilled loam soil at depths of 15.3 and 30.5 cm and a surface application onto both the sod 

and tilled soil. In performing this study, they evaluated three factors, these were: (1) the effect of 

injection versus surface application, (2) the effect of injection depth (15.3 versus 30.5 cm), and 

(3) the impact of surface conation (vegetated versus tilled). In their study, they found that 

injection reduced runoff concentrations to levels typical of those of plots not receiving manure 

application. This represents a substantial reduction as compared to surface application, for 

example COD (chemical oxygen demand) was 17x lower in the injection plots than in the 

surface applied plots, with the depth of injection having little effect in this study. This again 

provides strong evidence that injection provides a high level of reduction in nutrient transport. 

No difference was found in the impact of injection depth. Again, a fair interpretation of this 

study is that injection of manure is a more effective practice for reducing nutrient transport and 

runoff concentrations than a 35 foot vegetative buffer. The final injection study we will look at is 

by Pote et al. (2011). This study is unique in that is was injection of a solid manure 

(unfortunately the unit is not yet commercially available). In their research, they found that 

subsurface injection reduced concentrations of nitrogen and phosphorus in runoff water by more 

than 90% as compared to surface application. In a paired watershed part of the study, they found 

that total phosphorus losses were 55% less in the watershed that received subsurface litter 

application than the one that received surface litter application. In the first several runoff events 

after litter application dissolved reactive and total phosphorus concentrations in runoff water 

were typically reduced by more than 80% by utilizing injection application. Again, this indicates 

that injection effectiveness is at or exceeds levels met by the 35-foot vegetative buffer 

requirement. Overall, these studies give a clear and consistent picture that injection application 

will provide similar or better reduction in nutrient concentrations and transport as to those that 

would be obtained using the 35-foot vegetative buffer between manure application areas and 

surface waters (or conduits to surface waters) for soluble containments. Performance of injection 
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on sediment bound contaminants was also promising indicating that it was also effective at 

reducing transport of sediment bound contaminants. 

 

Incorporation 

A 2008 study by Allen and Mallarino utilized swine manure and sites located within Iowa to 

evaluate how application rate, incorporation, and timing of rainfall impacted phosphorus losses 

with surface runoff. Their results indicated that incorporating the manure with tillage resulted in 

significantly lower runoff P concentrations and loads. On average they found that incorporation 

reduced phosphorus concentrations in runoff by 50% for total phosphorus and by over 80% for 

dissolved phosphorus, which exceeds estimated reductions achieved with vegetative buffer 

strips. Their results are generally consistent with existing research as incorporation places the 

manure P below the zone of interaction between the soil and incoming rainfall and runoff, 

reducing dissolved reactive phosphorus (Wither et al., 2001; Tabbaraa, 2003; Haq et al., 2003; 

Daverede et al., 2004). Another recent study (Pote et al., 2003) focused on the water-quality 

effects of incorporating poultry litter, in this case into grassland soils. In this study, they had four 

treatments, a control (no litter), a surface applied litter, a surface-applied litter to aerated soil, and 

a surface applied followed by knife incorporation to minimize disturbance of the soil structure by 

using a knife tool for injection. This work was performed on field plots with 8-10% slopes, silt 

loam soil, and well-established grass forage. They found that in all cases adding litter increased 

infiltration, but results weren’t significant. In this case, incorporation of the litter reduced 

dissolved organic carbon transport by 58%, total dissolved solids transport by 36%, and total 

suspended solids transport by 57%. Nitrogen and phosphorus transport were also successfully 

reduced by 44% for nitrate-nitrogen, 83% for ammoniacal-nitrogen, and 81% for total Kjeldahl 

nitrogen and by 89% and 85% for dissolved reactive phosphorus and total phosphorus 

respectively. Surface application also reduced transport of these items, but to a much lesser 

extent, only resulting in a 11% reduction in dissolved carbon transport, a 36% reduction in 

dissolved solids, and a 57% reduction in suspended solids. In the second case, they evaluated the 

performance of soil aeration followed by surface application. They found nitrogen and 

phosphorus transport reductions were 6% (nitrate-nitrogen), 25% (ammoniacal-nitrogen), 28% 

(total Kjeldahl nitrogen), 13% (dissolved reactive phosphorus), and 9% for total phosphorus. 

These results suggest that low disturbance incorporation into perennial vegetation can be very 

effective at reducing nutrient transport and is roughly equivalent to 35-foot filter strips, but the 

performance of aeration followed by surface application isn’t quite equivalent. Again, these 

studies indicate that incorporation is a valuable technique for reducing the transport of water-

soluble nutrients and contaminants as their interaction with the soil reduces their transport. 

However, results on sediment bound nutrients and contaminants are less clear, given that the 

tillage for incorporation reduces surface cover. In some cases, this can lead to increased erosion, 

and as a result, an increase in the transport of sediment bound cartilages, in others this didn’t 

appear to be an issue. 

 

Setbacks 

Manure land application separation distances, or setbacks, are specified distances from areas that 

may be vulnerable to water pollution (including surface waters, open tile intake structures, 

sinkholes, agricultural wellheads, or other conduits to surface waters) where manure cannot be 

applied. The purpose of the setback is to reduce the potential for contaminants (solids, organic 

matter, nitrogen, phosphorus, microbes, salts, etc.) to reach surface water by increasing the 
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distance between the contributing source area and the potential receiving water. Additionally, the 

setback distance can potentially improve water quality by acting as filters for water passing over 

and through the soil toward a water resource, providing an opportunity for solids to settle out, 

infiltration of runoff water to occur, and contaminants to interact with soil and vegetation and be 

retained in the field. In all cases, these processes are primarily focused on the transport and 

retention of particulate or particulate bound nutrients and contaminants, thus the focus of this 

review will tend to be on how these practices impact the transport of these items. Federal law for 

NPDES (National Pollutant Discharge Elimination System) permitted CAFOs (concentrated 

animal feeding operations) requires the farmer to maintain a setback area of 100 feet from any 

down-gradient surface waters, open tile intake structures, sinkholes, agricultural well heads, or 

other conduits to surface waters where manure, litter, and other wastewaters cannot be applied. 

As a compliance alternative, the CAFO may elect to establish a 35-foot vegetated buffer where 

manure, litter, and other wastewater are not applied. Although the 35-foot buffer requires less 

land, it requires the farmer to take some of the field out of row-crop production whereas the 100-

foot buffer does not. As an alternative to these requirements, the CAFO rules states “owners or 

operators may demonstrate to the permitting authority that a setback or vegetated buffer is 

unnecessary because of site-specific conditions or practices the producer is implementing.” 

Current state law in Iowa requires that no manure by land applied within 200 feet from a 

designated area (a designated area means a known sinkhole, or a cistern, abandoned well, 

unplugged agricultural drainage well, agricultural drainage well surface tile inlet, drinking water 

well, lake, or farm pond. It does not include a terrace tile inlet or surface tile inlet other than an 

agricultural drainage well surface tile inlet.), or in the case of a high-quality water resource 

within 800 feet. Smaller setbacks can be used if: (1) the manure is land-applied by injection or 

incorporated on the same date as the manure was land applied, or (2) an area of permanent 

vegetation cover (including filter strips or riparian buffers) exists for 50 feet surrounding the 

designated. The vegetative filter area cannot receive manure application. In general, the 

requirements set forth in Iowa state law are stricter than those required in federal law for 

permitted CAFO operations with several exceptions. In particular, the case where manure is 

injected or incorporated on the same date as it is applied requires a set-back of 0 feet in the Iowa 

law, but a 100-foot setback under NPDES requirements. Additionally, manure application 

setbacks from surface inlets to tile systems may differ as these aren’t generally considered a 

designated area, but are specified in the NPDES requirements. This leads to an important 

question, what is the science behind these separation distances, i.e., what level of reduction in 

nutrient concentrations or transport is expected by following current setback distance 

requirements, and do other practices exist that can be expected to provide similar reductions and 

should be accepted as a site-specific condition or practice? This will be explored in a series of 

three sections, in section one we will focus specifically on the performance of maintaining 

manure application setback distance. In section two, we will focus on maintaining a vegetated 

buffer between the manure application area and the receiving water body.  

 

Section 1: Manure application setback – 100 foot no-apply zone A manure application setback 

specifies the minimum distance manure can be applied to a defined feature. Current EPA 

regulations for setback distances for NPDES permitted animal production facilities is to have a 

no application zone within 100 feet of the down-gradient surface waters, open tile intake 

structures, sinkholes, agricultural wellheads, or other conduits to surface waters. In comparison, 

Iowa code requires a 200 feet set back from designated areas. In this option, no manure 



85 

 

application is allowed in the setback area, but the setback area can still be used for crop 

production and currently there are no restrictions on the application of commercial fertilizers that 

can be utilized in the setback area. In general, the objective of both 100-foot setback distance or 

the 35-foot setback with permanent vegetative buffer is to provide a protective strip of land that 

can serve to filter solids, retain nutrients, and otherwise improve surface water runoff from fields 

receiving manure. In so doing they reduce nutrient transport to the surface water (or other 

conduit to water). These practices primarily focus on limiting transport of sediment bound 

contaminants, but also offer some protection to soluble nutrients, namely ammonia and dissolved 

reactive phosphorus, by providing regions where these nutrients can potentially interact with 

soils that have not received recent manure application and offer either sorption mechanisms or an 

opportunity for infiltration to reduce overall transport.  

 

Relatively few field-studies have specifically evaluated the performance of setbacks, or no 

manure application zones, had on reducing nutrient transport from fields. However, a recent 

study by Al-wadaey et al. (2010) was performed with the specific objective of evaluating the 

effect of setback distance on phosphorus and sediment in runoff from lands receiving manure 

application. This study was conducted on a 24 ha (59 acre) field protected with underground 

outlet terraces located northwest of Lincoln, Nebraska. Field slopes in this area were 4-7%, and 

the soil was a well-drained silty clay loam. The experiment was run as a replicated block design 

(3 blocks) with seven different treatments (manure application setbacks of 0, 5, 10, 20, 30, and 

40 m, and a no manure check plot). In this experiment, composted feedlot manure was applied to 

bare, frozen soil in February at an average rate of 74 Mg/ha. Runoff samples were collected from 

the riser pipe of each treatment from multiple natural rainfall events. Runoff samples were 

analyzed for sediment (total solids), total phosphorus (TP), dissolved phosphorus (DP), and 

particulate phosphorus (PP; difference between total and dissolved phosphorus). An analysis of 

variance was conducted using Proc Mixed (SAS Institute) to determine the effects of setback 

treatments on sediment, TP, DP, and PP. Teledyne Isco samplers were used on the 0 and 30 m 

(~100 foot) setback plots to monitor flow volumes, allowing a comparison of nutrient transport 

between these two treatments. These authors found no difference in runoff concentration or 

runoff volume between the 0 and 30 m setback treatments, but found significantly greater 

sediment transport from the 30 m setback plot. They attributed this finding to the manure 

providing organic matter, which resulted in formation of water stable aggregates and reduced 

erosion. Moreover, they found that different setbacks did not significantly affect phosphorus 

concentrations (total, dissolved, or particulate) among any of the seven treatments. This result 

would seem to indicate that under these conditions the manure application setback had no impact 

in the case of this solid manure.  

 

Another study by Dygert (2011) on setbacks was performed to specifically evaluate the 

effectiveness of setback recommendations (61-m setback, ~ 200 feet) at mitigating nutrient 

transport following the application of liquid dairy manure from fields with low slope percent 

following manure applications on frozen/snow covered ground. This study was conducted near 

Wooster, Ohio on a field with 2% slope, under no-till management, and with corn residue on the 

surface. They evaluated two scenarios, a manure application with no setback and a manure 

application with setback, and for each case compared the runoff concentrations to that with a plot 

that didn’t receive manure. Their treatment design required different plot sizes, making result 

comparison complicated; however, after proper normalization Dygert’s data suggests that 
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leaving a buffer area will significantly reduce ammoniacal nitrogen (P = 0.09), total phosphorus 

(P = 0.07), dissolved phosphorus (P = 0.04), and potassium (P = 0.01) concentrations as 

compared to not leaving a buffer strip. In this case, with a liquid manure under winter application 

conditions, it would seem that setbacks provide an effective means of reducing nutrient 

concentrations. As a point of comparison, the setback reduced ammonia concentrations by 60% 

on average over the 8 reported events, but had a standard deviation of 60%, with performance 

ranging from 0-120% reductions in ammonia concentrations. Similarly, nitrate, total phosphorus, 

dissolved reactive phosphorus, and potassium concentrations were reduced by 60 (100), 75 (80), 

99 (72), and 115 (92) [average (standard deviation)] respectively. As only these two studies 

could be located specific to the performance of setbacks, it was not possible to develop a 

baseline performance standard from this option against which other potential practices could be 

evaluated. However, based on details provided in these manuscripts, it appears that the 

hydrology of the runoff event was extremely important to the performance of the setback 

distance.  

 

In the case of Al-wadaey et al. (2010) runoff was measured from rainfall events typically larger 

than 1-inch, which provided enough flow for water runoff from the manure applied area to reach 

the tile inlet. In Dyger’s study runoff samples were only from snowmelt, and they reported that 

many of the events weren’t of sufficient size for runoff from the manure applied zone to reach 

the edge of the plot. This made the setbacks appear effective, but larger runoff events 

significantly reduced the setback’s effectiveness, hence the large variation in setback 

performance they observed. These results would seem to indicate that the primary impact of 

these setbacks have on nutrient transport is prevent manure from reaching the critical area during 

smaller runoff events, but the effect may be limited during larger events. A lab-study by 

McDowell and Sharpley (2002) seems to collaborate this stating, P loss in overland flow is 

affected by where manure is applied relative to flow-path length, noting specifically that there 

was a strong relationship between P fractions and flow-path length. However, they also noted 

that phosphorus loss was to large part driven by soil phosphorus concentrations. Implying that if 

these critical areas are still receiving phosphorus inputs from mineral fertilizer sources, the 

setback may not be as effective as we would otherwise have anticipated. Overall, this data 

suggests to me that these standard setbacks would be most effective in cases of late fall- or 

winter- applied manure when runoff events will predominately be from snowmelt and many of 

the runoff events will be small. If the manure is spring applied these setbacks would have limited 

impact due to the larger nature of these events causing larger runoff events and the runoff 

reaching the stream from the land that had received the manure.  

 

Section 2: Manure application setback - 35 foot vegetative buffer grass buffers are areas located 

between the land receiving animal manure and streams, or other conduits to surface waters that 

reduce the concentration and mass of nutrients and other potential contaminants entering the 

receiving water. Vegetative buffers, or filter strips, are a practice that has been demonstrated to 

effectively reduce erosion and P movement (Dillaha et al, 1989). Binham et al. (1980) and Doyle 

et al. (1977) reported some of the earlier work on vegetative buffers around manure land 

application areas. In general, they reported reductions of 0-80%, with performance varying based 

on the ratio of manure land application area to vegetative buffer area and the type of contaminant 

(soluble versus particulate transport). Binham et al.’s (1980) work with layer hen manure and 35- 

foot vegetated setbacks indicated that that reductions of 30% should be expected for carbon and 
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chemical oxygen demand, 60% for total Kjeldahl nitrogen, and 80% for total phosphorus. Since 

then numerous other studies on buffer strip performance have been conducted with some 

focusing on land that had received manure and others focusing on buffers around cropland. 

Although these studies provide considerable information, more recent efforts at understanding 

buffer strip performance has focused on using modeling to extend the results of the field studies 

to other situations.  

 

The most well know used of these models is the Vegetative Filter Strip Model (VFSMOD) as 

described in Munoz-Carpena and Parsons (2000). Dosskey et al. (2011) then used this model to 

evaluate the trapping efficiency for given buffer area ratios with different site conditions (slope, 

soil texture, and field practices). Based on this they developed a series of curves to provide 

trapping efficiency for different scenarios, including soil types, slopes, and contaminant types. 

We believe their work provides the best option for estimating the baseline performance a 35-foot 

vegetative buffer would provide. In the case of the 35-foot buffer on a square 40-acre field, if all 

runoff drained uniformly to one edge of the field, the buffer-to-field area ratio would be 

approximately 0.03. Based on the chart they developed, we would anticipate that reductions in 

total suspended solids would be 10-80%, reductions in total phosphorus would be 5-70%, and 

reductions in total nitrogen would be 5- 60%. As expected, these ranges are quite large, but they 

provide a realistic expectation for filter strips under a large range of conditions. Their results can 

best be summed up with the use three items from their manure script. Figure 3-10 which shows 

performance of vegetative buffer areas for their modeled cases, Table 3-4 which defines their 

base cases, and Table 3-5 which provides a set of guidelines on how to use Figure 3-10 to predict 

performance buffer areas in non-base cases.  

 

Figure 3-10.  Modeled relationship between pollutant trapping efficiency and buffer area ratio. 

Results from Dosskey et al. (2011) as modeled in VFSMOD. A 40-acre field with uniform slope 

to one side and a 35-ft buffer on that side would have a buffer area ratio of 0.03. 
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Table 3-4. Based cases modeled by Dosskey et al. (2011) 

Line 

number 

Material 

type 
Slope (%) 

Soil texture 

class 

USLE C 

factor1 

Field length 

(m) 

7 Sediment 2 FSL 0.50 200 

6 Sediment 2 SiCL 0.15 200 

5 Sediment 2 SiCL 0.50 200 

4 Water 2 FSL 0.50 400 

3 Water 10 FSL 0.50 200 

2 Sediment 10 SiCL 0.50 200 

1 Water 10 SiCL 0.50 200 

Note: FSL = fine sandy loam.  SiCL = silty clay loam 
1The USLE C factor is the cover and management factor in the Universal Soil Loss 

Equation (Wischmeier and Smith 1978) 

 

 

Table 3-5. Adjustment rules from Dosskey et al. (2011) for estimating vegetative buffer 

performance for non-base cases 

Variable Adjustment rule 

Sediment and sediment-bound pollutants 

Pollutant type 1 line lower (-1) from sediment to sediment-bound 

Slope 
1 line higher (+1) for each 2.5% lesser slope 

1 line lower (-1) for each 2.5% greater slope 

Soil texture 
1 line higher (+1) for each category coarser 

1 line lower (-1) for each category finer 

USLE C factor1 
1 line higher (+1) for each 0.35 lower C factor 

1 line lower (-1) for each 0.35 higher C factor 

Dissolved pollutants and water 

Pollutant type No adjustment between dissolved pollutants and water 

Slope 1 line higher (+1) for each 7.5% lesser slope 

1 line lower (-1) for each 7.5% greater slope 

Soil texture 1 line higher (+1) for each category coarser 

1 line lower (-1) for each category finer 

USLE C factor1 No adjustment 
1The USLE C factor is the cover and management factor in the Universal Soil Loss Equation 

(Wischmeier and Smith 1978) 
 

Their results indicate that this practice would be expected to impact sediment transport (and as a 

result transport of contaminants attached to sediment, total phosphorus, organic carbon, organic 

nitrogen), but generally would only have low impact on soluble contaminants (ammonia, 

dissolved reactive phosphorus (DRP), nitrate, etc.). As a general rule of thumb, it appears that 

transport of particulate bound nutrients (sediment, total P, organic carbon, organic nitrogen) 

would be reduced by about 10% in areas of high slope and 60% in areas of low slope, while 

reductions of soluble nutrients (ammonia, DRP, nitrate, etc.) would be only 5-30%. 
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Soil testing 

The traditional approach of nutrient management has been based on nitrogen balances, however, 

in many cases this leads to the buildup of soil P to levels that pose a pollution hazard. As a result, 

many states have adopted P-based nutrient management planning regulations for livestock 

operations. P-based nutrient management seeks to match P application to crop P requirements as 

indicated by soil testing, often weighted based on the risk of transport of phosphorus to surface 

waters. 

 

These are generally called phosphorus indexes and they account for not only the amount of 

phosphorus present in the soil, but also identify the vulnerability of the agricultural field to 

phosphorus loss but accounting for both transport and source factors. In some cases, this has 

limited the amount of manure different soils can receive and has led to situations where manures 

most be transported greater distance before they can be land applied. Though there is general 

acceptance that these phosphorus indexes are directionally correct for encouraging improved 

utilization of manure, few studies have been done to indicate the magnitude of their impact. 

However, in some cases these indexes are correlated to phosphorus loss from soils and in these 

cases, lower phosphorus indexes would indicate directly less phosphorus loss to the environment. 

 

Manure sampling 

The premise behind nutrient management planning and managing manure nutrients for reduced 

negative environmental impact while supporting crop production is to match nutrient application 

with crop demands (Dou et al, 2001). Doing so requires accurate knowledge of the manure 

nutrient concentrations, and while book values are available locally, these book values provide 

average nutrient concentrations, actual value at any farm can vary drastically from these values 

due to management differences between operations. Many factors cause variations in the nutrient 

concentration of manure, including diet, housing type, manure storage type, environmental 

conditions, management techniques, and treatment practices (Barth, 1985; Payne, 1986; Rieck-

Hinz et al., 1996; Bulley and Holbeck, 1982; Burton and Beauchamp, 1986; Clanton et al., 1991; 

Field et al., 1986; Frecks and Gilbertson, 1974; Lindley et al., 1988; Powers et al., 1975; Rieck, 

1992; Safely et al., 1984; Westerman et al., 1985). Given the variability in composition, manure 

sampling and subsequent testing for nutrient composition is a critical component of proper 

management (Rieck-Hinz et al., 2003). Despite this, adoption of annual manure testing is 

relatively low. Dou et al. (2001) found that only 20% of farms surveyed (results from 994 farms) 

tested for manure nutrient content annually. Several factors could limit adoption of manure 

testing, including a perceived lack of profitability of manure testing, that it is time consuming, or 

that testing does not improve environmental quality. Gedikoglu and McCann (2012) found that 

the profitability of a practice is a critical factor for its adoption, and only 39% of their 

respondents agreed that manure testing was profitable, while 39% were neutral and 22% 

disagreed. Given this, it is clear that greater importance must be placed on documenting the 

economic value of manure testing. Based on this, Regan and Andersen (2014) developed a model 

to estimate the value manure sampling offered and operation suggesting that testing manure from 

beef cattle feedlots offered between $3 and $7 per hectare from improved nutrient application 

and fertilizer use potential. 

 

Although considerable data has been generated demonstrating the temporal variability of manure 

nutrient contents and the economic inceptive of manure sampling. Fewer studies have worked to 
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quantify the number of subsamples needed to make a representative composite sample that will 

satisfactorily represent the manure. The work of Dou et al. (2001) found that with agitation and 

mixing a satisfactory sample could be obtained with three-to-five samples, but with solid 

manures where no mixing was conducted substantially more subsamples are required. In 

particular, they cite (Iversen et al., 1997) whom suggested that between 17 and 32 samples were 

required to have a 95% confidence within 10% of the actual value for solid stockpiled beef cattle 

manure.  

 

Manure spreader calibration and distribution 

As with manure sampling, nutrient management planning relies on the ability to accurately hit 

both the target application rate and uniformly spread the nutrients. Understanding manure 

application equipment and working to get the most from it are critical to doing so successfully. 

The best manure application matches crop needs while considering application uniformity and 

soil test values. Application uniformity is not as great a concern for soils with adequate levels of 

P and K and that don’t exhibit a significant response to N. For soils that do exhibit crop problems 

with nutrient deficiencies, application uniformity is important for any fertilizer application 

including manure. For solid manure spreaders the application rate should be calibrated and have 

uniformity across the application swath similar to that of application equipment for dry granular 

spreaders. Research has shown that the uniformity of application of most solid manure spreaders 

varies considerably and thus good effort should be made to determine overlap patterns that 

ensure relatively uniform application. 

 

Rate control is also an important consideration, while many farmers still rely on older spreaders 

without GPS and built-in scales, newer spreaders often can supply real time application rate 

information. This doesn’t mean older spreaders are obsolete and should be replaced, but does 

suggest farmers need to be careful to determine their actual application rates by measuring both 

travel distance and amount applied so that apron speed and tractor speed can be adjusted to hit 

the recommended rate. 

 

Mortality management 

Animal mortality is an unavoidable aspect of animal production. Calf mortality prior to weaning 

(including those born dead) in a 24-state study averaged 6.4% and breeding herd cattle mortality 

averaged 1.5% per year (APHIS, 2010).  Total U.S. cattle and calf death loss for the year 2010 

was 4.3%, with cattle over 500 pounds accounting for slightly less than half (43.3%) of the head 

lost (NASS, 2011).  Methods commonly used by cattle producers to manage routine mortalities 

include burial, rendering, composting, landfill disposal, and incineration (Bagley, 1999; Murphy 

et al., 2004; and Glanville et al., 2006).  Comprehensive reviews of livestock carcass disposal 

practices have been reported by the Carcass Disposal Working Group of the National 

Agricultural Biosecurity Center Consortium in 2004 and by Gwyther et al. in 2011.  Merits and 

impacts of common mortality disposal methods will be considered here. Disposal options and 

risks associated with mass mortality disposal or specified risk materials from infectious disease 

outbreaks are not included in this assessment. 

 

Burial in the soil has advantages of being economical compared to other disposal methods as 

well as convenient, logistically simple and relatively quick.  If done onsite, it also avoids 

biohazards associated with transport of carcasses, and may be less likely to attract public 
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attention than other methods. Disadvantages include potential groundwater contamination, risk 

of persistence of disease organisms, and limitations posed by sites with unsuitable geology, 

groundwater depth, or frozen conditions.  Potential contamination to groundwater is considered 

to be primarily related to nitrate nitrogen and biological contaminants.  Elevated levels of both 

types of contaminants have been noted in monitoring wells immediately adjacent to burial pits, 

but little evidence of migration more than a few feet away from the immediate area has been 

noted.  Caution should be used to select sites which pose reduced risk of moisture migration 

through and away from the burial site (CDWG, 2004).  Groundwater vulnerability risk 

assessments could identify on-farm burial sites that minimize contamination risk (Gwyther et al., 

2011). 

 

Rendering, when combined with proper process water treatment and disposal poses little risk to 

water resources.  However, on-farm storage of carcasses awaiting transport to rendering facilities 

could pose water quality risks, albeit similar to other methods that require temporary storage of 

carcasses (Gwyther et al., 2011).  Refrigeration of carcasses awaiting transport could reduce the 

risk of environmental contamination and increase the value of rendering end products (CDWG, 

2004), but this option may be too expensive to be practical on most farms.  Temporary storage 

methods that protect carcasses from rainfall are also recommended (under roof or under a tarp; 

APHIS, 2005). 

 

Composting is the natural decomposition of organic materials by microorganisms (Murphy et al., 

2004).  Advantages of composting include posing fewer threats to groundwater than burial, 

relatively quick disposition of carcasses using readily available equipment and supplies (co-

composting carbon materials such as wood chips, sawdust, straw or corn stalks), and suitability 

for winter conditions when frozen ground may prevent burial (Glanville et al., 2006). 

 

Leachate (water generated by or drained through the compost) and runoff from a compost pile 

may contain organic compounds that could degrade surface water.  Systems that site composting 

on land protected from runoff intrusion, and ponding, and that filter or infiltrated any runoff 

minimize this risk.  In areas with excessive rainfall, a roof over the compost pile further reduces 

the risk of contaminated runoff (CDWG, 2004).  Leachate in unroofed cattle compost piles 

amounted to only 1-5% of the accumulated precipitation in an Iowa study, emphasizing the 

important liquid storage function of the materials beneath and above the carcasses.  Mean 

pollutant concentrations in leachate from piles with three different types of cover material 

contained nitrate nitrogen at 39 to 267 ppm, ammonia nitrogen at 199 to 1362 ppm, total solids at 

4,969 to 29,349 ppm, and total organic carbon at 986 to 10,838 ppm (Glanville et al., 2006).  The 

highest concentrations of all pollutants occurred from compost piles that included manure in the 

cover materials.  While the concentrations of pollutants in the leachate were sufficient to pose 

water quality concerns, the quantities of leachate collected were very small.  While surface water 

risks from leachate appear quite small, nutrient movement into the soil beneath the compost piles 

was noted.  Significant increase in total nitrogen was limited to the top 15 cm of soil, amounting 

to 10-40% increase of total nitrogen compared to prior to composting.  Ammonia nitrogen 

increases were more significant, ranging from 200 to 800 mg/kg in the top 15 cm of soil.  The 

measured nitrogen addition to the soil was 10 to 25% of the nitrogen originally contained in the 

carcasses (Glanville et al., 2006). 
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Composting produces an end product that is useful as a soil amendment with less than 1% total 

nitrogen and less than 1% phosphate phosphorus content (Murphy et al., 2004).  The finished 

compost has an organic matter content of approximately 35-70%, and a pH of approximately 5.5 

to 8.0 and may be spread according to a farm nutrient management plan (CDWG, 2004).  

Inactivation of pathogens in composting is related to both microbial activity and temperature-

time relationships.  Vaccine strains of avian encephalomyelitis and Newcastle Disease virus were 

reliably inactivated during emergency composting of beef carcasses in unsheltered windrows 

(Glanville et al., 2006). 

 

Landfill disposal, where available, places carcasses in a location already engineered for 

contaminant control and represent a disposal option that would generate little risk to the 

environment.  Similar to rendering, water quality risks would primarily be associated with 

temporary storage of carcasses on the farm and with transport of the carcasses to the landfill 

(CDWG, 2004).   

 

Incineration is a process where animal carcasses are burned at high temperatures to produce an 

inorganic ash which typically represents 1-5% of the initial carcass volume, and is expected to 

destroy all infective agents (Gwyther et al., 2011).  Petroleum or wood fired incineration 

equipment routinely used for on-farm disposal of carcasses has relatively low capacity and is 

used mainly for small carcasses (Glanville et al., 2006).  Incineration of animals has been used 

for poultry and swine mortalities, but the incineration method to process cattle has not developed 

due to initial costs, fuel costs, and air quality concerns (Murphy et al., 2004).  Since the advent of 

bovine spongiform encephalopathy (BSE) in the UK, fixed facility incineration has been used to 

dispose of BSE infected carcasses, and in Japan, cattle testing positive for BSE are disposed of 

by incineration (CDWG, 2004).  Water quality concerns with storage prior to and transport of 

carcasses to centralized incineration facilities (if available) would be similar to those for 

rendering and landfilling. 
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CHAPTER 4.  BEEF PRODUCER ADAPTION OF WATER QUALITY 

IMPROVEMENT PRACTICES 

 

An online survey using Qualtrics software was designed to obtain information from United 

States beef producers. The survey was vetted by Iowa State University Extension and Outreach 

(ISUEO) and the National Cattlemen’s Beef Association (NCBA) to ensure input from various 

stakeholders was considered prior to final approval and survey administration. The survey 

included questions regarding demographics as well as various aspects of water quality practices 

implemented at the farm and/or ranch level.  

 

The 14-question survey and accompanying explanatory letter were e-mailed to NCBA members 

and state-level affiliates for distribution on March 6, 2017. Three weeks later (March 27, 2017), 

a follow-up e-email was sent to remind respondents to complete the survey. On April 10, 2017, 

the survey was closed to respondents. In addition, on March 8, 2017, ISUEO personnel 

distributed an email and explanatory letter to other land-grant university beef extension 

specialists asking for distribution to their clientele. Of the 856 survey responses collected, 31 

respondents indicated that they were not involved in the live-animal phase of beef production, an 

additional 50 respondents did not indicate what state(s) they produced beef cattle in, and 16 

respondents only partially completed the survey. Therefore, 759 completed surveys were 

available for this analysis (Table 4-1). Consistent with previous NCBA sustainability research, 

states were categorized into 7 regions for analysis which include Northwest, Southwest, North 

Plains, South Plains, Midwest, Southeast, and Northeast (Figure 4-1). States in which there were 

no respondents included Alaska, Connecticut, Massachusetts, New Jersey, Rhode Island, and 

Vermont. Results presented in this report are raw (unweighted) means within and across regions. 

 

Figure 4-1. Cattle-producing regions for surface water quality data collection.  
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Producer demographics and their operation characteristics are displayed in Tables 4-2, 4-3, 4-4, 

4-5, and 4-6. Age distribution was similar across regions with the majority of respondents (56%) 

between 50 and 69 years of age (Table 4-2). As such, it is not surprising that the largest 

proportion of respondents have owned or managed cattle in excess of 40 years (35%; Table 4-3). 

However, it is worth noting that the Southeast region had the largest proportion of producers 

with less than 10 years of experience as well as the most even distribution of years of experience 

(Table 4-3). The number of operations representing different sectors of the industry, as well as 

the total number of annual animal units and acres managed are presented in Tables 4-4 and 4-5. 

In total, the 759 respondents manage more than 4.39 million animal units and 14 million acres of 

land annually.  

 

It should be highlighted that 100% of producers employ a grazing system, as well as 100% of 

producers that manage a cropping system implement at least one practice to protect surface water 

quality (Table 4-7). Proportional use of specific water quality protection practices were relatively 

similar across regions. Overall, the top 3 water quality protection practices implemented by 

graziers (Table 4-8) included: 1) providing water sources away from other surface water (73%), 

2) providing feeding and supplementation sites away from surface water (70%), and 3) 

implementation of a grazing plan or use of prescribed grazing (67%). The least implemented 

water practices by graziers included: 1) utilization of riparian paddocks with flash grazing (7%), 

2) selection of cattle that spend less time near streams (9%), and 3) altering streams to slow 

stream flow and reduce/prevent stream bank erosion (13%).  

 

Of producers that confine or concentrate cattle for any period of time throughout the year, 96.5% 

implement at least one water quality protection practice (Table 4-7). Of the 16 producers (3.5 % 

of respondents) that did not identify with any water quality protection practices when cattle were 

in confinement, 14 were cow-calf producers that have some period of time during the year in 

which cattle do not graze. It should be reiterated, however, that these 14 producers did identify 

with at least one water quality practice during the grazing portion of their production system. 

Unlike grazing-based management, use of specific water quality practices in a confinement 

setting differed considerably across regions (Table 4-10). Given the diversity of confinement 

methods and proportion of graziers that may confine cows during certain periods of the year, this 

was not unexpected. Overall, the top 3 water quality protection practices implemented by those 

that confine or concentrate cattle (Table 4-9) were: 1) locating temporary feeding areas in 

locations with good erosion control practices and away from water sources (61%), 2) frequently 

remove accumulated manure from temporary feeding areas (41%), and 3) filter runoff from 

pens/manure accumulation areas through a permanently vegetated grass buffer area (36%). The 

least implemented water quality practice by confinement operators was avoidance of feedlot 

runoff through completely confined housing (12%). This was not surprising as only 17% and 5% 

of confinement respondents identified with using bedded pack and slatted floor structures in their 

operations, respectively (Table 4-10). Other, less utilized methods for protecting surface water 

quality included settling manure solids in a settling basin and land apply solids (26%), and 

containing and applying runoff from feed and manure storage areas (13%).  

 

Of the beef cattle producers that also managed cropland, the most commonly implemented 

surface water quality protection practices used in the cropping systems included (Table 4-11): 1) 

soil testing at least every four years (83%), 2) utilization of no-till or minimum till methods 
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(77%); and 3) use of soil conservations practices such as grass waterways, filter strips, and 

terraces as appropriate (63%). Least implemented cropland management practices for surface 

water quality protection included: 1) testing manure less than annually or using book manure 

values in planning for application rate (12%), 2) use of cover crops (22%), and 3) implementing 

edge of field practices such as wetlands, bioreactors, and/or saturated buffers to treat drainage 

water from crop fields (27%). As expected, diversification of cropping systems across regions 

had an impact on the variability of adoption of some production practices implemented to protect 

surface water quality.  

 

When asked how government programs such as cost-sharing or incentive funding played a role 

in implementation of water quality protection practices, 56% of respondents indicated they have 

enrolled in such programs (Table 4-12). Moreover, 46% indicated they would consider 

implementing more practices if they had increased access to such programs, while 41% indicated 

they would not (Table 4-13). Many of the cost share programs offered for water quality and soil 

conservation for cattle producers are administered by the USDA Natural Resources Conservation 

Services (NRCS). A summary of those programs funded in recent years is summarized in 

Appendix in Figures A-1, Table A-1, and Table A-2.   

 

In summary, while a myriad of production practices could, and perhaps should be considered for 

more widespread adoption by producers to protection of surface water quality, it is important to 

highlight that 98% of survey respondents are already taking steps to protect surface water quality 

associated with their beef production enterprises.  
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Table 4-1. Number of respondents 

 Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Responses by region 76 65 55 75 161 284 43 759 

         

         

Table 4-2. Age distribution of respondents 

Years of age,  

% of respondents 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

<30 7.9 1.5 9.3 6.8 8.1 7.1 19.5 7.7 

30-39 11.8 6.2 7.4 9.5 13.0 13.5 7.3 11.4 

40-49 15.8 15.4 11.1 21.6 13.0 12.4 7.3 13.7 

50-59 22.4 33.8 33.3 20.3 26.7 25.9 24.4 26.3 

60-69 26.3 30.8 31.5 35.1 28.6 28.4 29.3 29.3 

70+ 15.8 12.3 7.4 6.8 10.6 12.8 12.2 11.6 

         

         

Table 4-3. Number of years in which respondents have owned or managed cattle 

Years of experience,  

% of respondents 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

<10 13.2 3.1 7.4 10.7 9.3 21.6 18.6 14.3 

10-19 18.4 6.2 14.8 16.0 23.6 18.1 14.0 17.6 

20-29 15.8 21.5 14.8 22.7 15.5 15.6 14.0 16.7 

30-39 13.2 18.5 25.9 20.0 11.2 16.0 16.3 16.0 

40+ 39.5 50.8 37.0 30.7 40.4 28.7 37.2 35.4 

         

         

Table 4-4. Beef sector representation and number of units managed annually  

Number of operations  

(total animal units) 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Cow-calf 67 (57,649) 60 (47,526) 41 (79,395) 53 (32,822) 131 (24,318) 262 (43,748) 39 (2,363) 653 

(287,821) Feedlot 15 (998,203) 5 (15,050) 30 (423,850) 26 

(1,970,295) 
70 (145,604) 9 (70,779) 20 (1,920) 175 

(3,625,701) Grass finished 7 (629) 4 (140) 2 (1,025) 1 (25) 11 (214) 17 (1227) 7 (99) 48 (3,359) 

Stocker 19 (61,760)  17 (50,140) 11 (23,050) 23 (66,140) 11 (3,490) 33 (49,162) 4 (47) 118 

(253,789) Background 16 (95,807) 6 (2,540) 21 (73,624) 14 (40,515) 23 (4,132) 30 (10,907) 2 (46) 112 

(227,571) 
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Table 4-5. Land area owned, rented and/or leased that contribute to the beef production system of survey respondents  

Number of operations  

(total acres) 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Owned Pasture 
65 

(2,487,718) 

56 

(1,120,821) 

41  

(328,204) 

63 

(2,024,424) 

124  

(53,224) 

528 

(614,602) 

38  

(3,451) 

646 

(6,632,444) 

Rented and/or leased 

pasture 

50 

(2.663,031) 

45 

(3,499,545) 

30  

(117,745) 

34  

(487,254) 

65  

(13,961) 

142 

(1,067,587) 

26  

(3,790) 

393 

(6,823,213) 

Owned cropland 
32  

(34,314) 

24  

(18,854) 

36  

(75,373) 

30  

(85,437) 

103  

(69,170) 

41  

(41,535) 

23  

(4,483) 

290  

(329,166) 

Rented and/or leased 

cropland 

11  

(11,220) 

12  

(62,560) 

19  

(27,485) 

21  

(23,562) 

78  

(41,300) 

35  

(55,212) 

17  

(4,555) 

194  

(225,894) 

         

         

Table 4-6. Proportion of the year that cow-calf or grass-finished beef operations are confined (i.e. feed delivered to a drylot, "sacrifice pasture area", or 

building) 

% of operations Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Continuously 4.4 0.0 0.0 1.9 5.4 6.1 0.0 4.1 

Most of the year (i.e. 

confined other than 

grazing crop residue or 

annual forages) 

0.0 0.0 0.0 1.9 5.4 2.7 7.3 2.7 

50% 16.2 11.5 25.0 7.7 23.8 4.9 19.5 12.8 

Infrequently 58.8 37.7 52.5 34.6 53.1 38.4 53.7 44.9 

Never 20.6 50.8 22.5 53.8 12.3 47.9 19.5 35.4 

         

         

Table 4-7. Proportion of beef operations that implement surface water quality protection practices based on production characteristics 

% of operations Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Graziers1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Confinement/pen/sacrifice 

area2 94.3 93.6 97.7 93.2 96.6 98.4 100.0 96.5 

Cropland production 

practices 
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

1 Combined respondents that identified as cow-calf and do not continuously confine, grass-finished beef, and stocker operations. 
2 Combined respondents that identified as feedlot, cow-calf with any degree of confinement, and backgrounding operations.  
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Table 4-8. Grazing-based surface water quality protection practices implemented by beef producers1  

Practice, % of 

operations 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Grazing plan/prescribed 

grazing 
78.7 82.8 84.2 68.5 62.2 60.1 62.2 67.1 

Management intensive 

grazing (MiG) 
27.9 27.6 39.5 29.6 42.3 21.1 35.1 29.3 

Maintain 4" of residual 

forage height 
44.3 48.3 57.9 38.9 44.1 36.8 70.3 43.8 

Grazing of cover crops 

either planted in crop 

residue fields or part 

of rotation 

31.1 15.5 57.9 40.7 44.1 26.3 27.0 32.5 

Stream flow alteration (to 

slow water flow and 

reduce/prevent stream 

bank erosion) 

11.5 24.1 13.2 11.1 11.7 11.8 5.4 12.6 

Stream bank stabilization 29.5 43.1 28.9 18.5 27.0 22.8 27.0 26.6 

Selection of cattle that 

spend less time near 

streams 

8.2 17.2 7.9 9.3 9.0 7.0 16.2 9.4 

Buffer strips or fences 

along riparian areas 

(stream and/or river 

banks) 

39.3 27.6 39.5 25.9 40.5 37.7 51.4 37.3 

Riparian paddock in 

rotational grazing 

system 

27.9 27.6 21.1 5.6 13.5 7.9 10.8 13.8 

Riparian paddock with 

flash grazing 
8.2 8.6 5.3 1.9 10.8 6.1 10.8 7.3 

Construction of stabilized 

stream crossing areas 
24.6 19.0 15.8 5.6 24.3 21.9 29.7 21.0 

Construction of stabilized 

pond/lake access 

points 

9.8 15.5 5.3 13.0 8.1 18.0 5.4 12.9 

Provide water sources 

away from other 

surface water 

77.0 84.5 92.1 61.1 69.4 70.6 75.7 73.3 

Provide shade away from 

surface water sources 
27.9 24.1 31.6 37.0 50.5 50.9 59.5 43.8 
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Table 4-8. Grazing-based surface water quality protection practices implemented by beef producers continued1 

Provide feeding and 

supplementation sites 

away from surface 

water 

63.9 72.4 78.9 59.3 70.3 71.1 78.4 70.2 

Planting improved forage 

species away from 

surface water 

19.7 24.1 13.2 14.8 35.1 29.8 27.0 26.6 

Pasture renovation to 

remove tall fescue 

with toxic endophyte 

(in attempt to mitigate 

heat stress and prevent 

cows from 

concentrating in 

surface water) 

6.6 0.0 5.3 7.4 23.4 18.4 29.7 15.2 

Seasonally deferred 

grazing 
54.1 60.3 55.3 33.3 25.2 22.8 18.9 33.0 

Prescribed fertilization of 

pastures based on soil 

tests and to minimize 

runoff 

29.5 12.1 18.4 37.0 53.2 63.2 48.6 46.5 

Soil loss conservation 

through maintaining 

perennial forages on 

highly erodible or 

"high T-value" land 

31.1 27.6 26.3 22.2 34.2 28.9 27.0 29.1 

Contain runoff from feed 

and manure storage 

areas 

26.2 15.5 39.5 27.8 43.2 17.5 40.5 26.9 

Other 0.0 0.0 0.0 7.4 1.8 0.4 2.7 0.7 

No practices knowingly 

implemented to 

protect surface water 

quality 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1 Combination of cow-calf, grass-finished, and stocker operations. 
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Table 4-9. Confinement-based surface water quality protection practices implemented by beef producers1 

Practice, % of 

operations 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Settle manure solids in a 

settling basin and land 

apply solids 

20.8 12.9 7.0 43.2 33.1 7.9 14.3 25.5 

Contain and apply runoff 

from pens/manure 

accumulation areas 

26.4 25.8 65.1 50.0 41.5 14.2 28.6 33.0 

Filter runoff from 

pens/manure 

accumulation areas 

through a permanently 

vegetated grass buffer 

area 

28.3 29.0 39.5 34.1 47.5 29.9 37.1 36.1 

Contain and apply runoff 

from feed and manure 

storage areas 

20.8 12.9 46.5 43.2 31.4 10.2 34.3 25.7 

Divert clean water from 

the 

confinement/feeding 

area 

26.4 19.4 60.5 29.5 40.7 9.4 25.7 28.4 

Locate temporary feeding 

areas in locations with 

good erosion control 

practices and away 

from water sources 

(manure does not 

leave the feeding area) 

45.3 67.7 58.1 43.2 56.8 75.6 60.0 60.5 

Frequently remove 

accumulated manure 

from temporary 

feeding areas 

32.1 32.3 48.8 50.0 47.5 33.1 45.7 40.8 

Frequently move 

temporary feeding 

areas so that manure 

does not accumulate 

37.7 22.6 27.9 25.0 34.7 40.9 48.6 35.5 

Avoid feedlot runoff 

through completely 

confined housing 

3.8 0.0 7.0 4.5 30.5 3.9 20.0 12.2 
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Table 4-9. Confinement-based surface water quality protection practices implemented by beef producers continued1 

Other 5.7 6.5 4.7 4.5 2.5 1.6 0.0 3.1 

No practices knowingly 

implemented to 

protect surface water 

quality 

5.7 6.4 2.3 6.8 3.4 1.6 0.0 3.5 

1 Combination of feedlot, backgrounding, and cow-calf producers with any degree of confinement 

 

 
Table 4-10. Confinement housing methods used by beef producers 

Housing method,  

% of operations 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Concrete open lot with no 

access to shelter 
2.2 8.3 4.8 2.9 13.3 3.6 0.0 6.4 

Concrete open lot with 

access to shelter 
8.7 0.0 2.4 2.9 47.5 10.9 34.4 21.1 

Dirt open lot with no 

access to shelter 
39.1 54.2 59.5 61.8 21.7 23.6 9.4 32.4 

Dirt open lot with access 

to shelter 
43.5 54.2 38.1 50.0 40.8 38.2 46.9 42.4 

Bedded-pack structure 

(i.e. hoop, monoslope, 

or gable-roof barn) 

2.2 12.5 9.5 2.9 32.5 7.3 46.9 17.4 

Slatted-floor structure 

with manure pit 
0.0 0.0 4.8 2.9 14.2 0.0 3.1 5.1 

Sacrifice areas in pasture 

or crop ground 

(residue not 

maintained in feeding 

area and manure 

allowed to accumulate 

in the feeding area) 

28.3 8.3 23.8 11.8 25.0 42.7 15.6 27.7 

Other 8.7 16.7 2.4 0.0 2.5 6.4 3.1 4.4 
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Table 4-11. Cropland-based surface water quality protection practices implemented by beef producers 

Practice, % of 

operations 
Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Follow a written manure 

or nutrient 

management plan 

30.0 10.0 80.0 28.6 25.9 50.0 60.0 50.4 

Manure is injected or 

incorporated 
10.0 10.0 60.0 0.0 23.0 0.0 10.0 31.7 

Test manure annually and 

use nutrient value in 

planning application 

rate 

10.0 10.0 80.0 21.4 19.4 6.3 0.0 32.4 

Test manure less than 

annually, or use book 

manure values in 

planning application 

rate 

10.0 0.0 0.0 0.0 7.9 6.3 30.0 11.5 

Soil testing is conducted 

at least every four 

years 

70.0 60.0 93.3 57.1 41.0 93.8 80.0 82.7 

Soil test phosphorus is 

used to make manure 

and phosphorous 

application decisions 

50.0 20.0 73.3 50.0 30.9 50.0 40.0 57.6 

Manure application on 

frozen or snow-

covered ground is 

avoided 

30.0 30.0 33.3 42.9 23.0 56.3 50.0 45.3 

Manure application to 

areas with high 

erosion potential or 

close proximity to 

water resources is 

avoided 

40.0 20.0 60.0 35.7 36.0 37.5 80.0 60.4 

Manure application 

schedule is adjusted to 

avoid periods of 

forecast rainfall or 

likely runoff 

20.0 20.0 46.7 7.1 30.9 31.3 60.0 47.5 
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Table 4-11. Cropland-based surface water quality protection practices implemented by beef producers continued 

Cover crops are used 

solely to improve 

water quality and soil 

health 

20.0 10.0 6.7 21.4 12.9 31.3 10.0 22.3 

Cover crops are used, at 

least in part, for forage 

production (grazing or 

mechanical harvest) 

50.0 60.0 73.3 64.3 20.9 75.0 30.0 54.0 

In addition to improve 

water quality and soil 

health, cover crops are 

used as a forage 

source 

60.0 40.0 86.7 35.7 21.6 62.5 10.0 49.6 

No-till or minimum till 

methods are used to 

conserve soil 

80.0 70.0 86.7 64.3 35.3 75.0 90.0 77.0 

Soil conservation 

practices such as grass 

waterways, filter 

strips, and terraces are 

used as appropriate 

30.0 10.0 53.3 42.9 37.4 68.8 60.0 62.6 

Extended rotations, that is 

forage (alfalfa, clover, 

grass mixtures) are 

included in crop 

rotations 

80.0 50.0 40.0 50.0 23.0 50.0 50.0 51.1 

Edge of field practices 

such as wetlands, 

bioreactors and/or 

saturated buffers are 

used to treat drainage 

water from crop fields 

20.0 10.0 13.3 14.3 18.0 25.0 10.0 26.6 

Other 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.7 

No practices knowingly 

implemented to 

protect surface water 

quality 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 4-12. Proportion of surface water quality protection practices implemented as a result of government cost-share or incentive funding 

 % of operations Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

51-99 9.8 11.9 27.0 11.4 16.7 22.5 17.1 17.6 

1-50 42.6 40.3 32.4 43.2 40.8 33.7 39.0 38.1 

0 42.6 40.3 32.4 43.2 40.8 33.7 39.0 38.1 

Not applicable as I do not 

implement any water 

quality improvement 

techniques 

4.9 7.5 8.1 2.3 1.7 10.2 4.9 6.3 

         

         

         

Table 4-13. Proportion of operations that would consider implementing more surface water quality protection practices if they had increased access to 

government cost-share or incentive funding 

% of operations Northwest Southwest North Plains South Plains Midwest Southeast Northeast Total 

Yes 42.0 44.3 25.5 47.8 39.0 50.0 62.5 45.9 

No 39.1 41.0 58.8 34.8 44.7 40.1 32.5 41.1 

Maybe 18.8 14.8 15.7 17.4 16.3 9.9 5.0 13.0 
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APPENDIX  

 

Figure A-1. USDA-NRCS conservation practices related to grazing lands (2005-2015) 
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Table A-1. Land units receiving NRCS conservation by practice (2012-2015) 

Practice Name 
2012 2013 2014 2015 

Acres Count Acres Count Acres Count Acres Count 

Access road  223,362 371 225,984 289 489,855 311 87,947 225 

Animal trails and 

walkways  28,587 492 11,279 332 20,605 260 40,625 240 

Brush management  7,778,581 11,250 4,324,788 10,664 5,267,951 9,137 7,622,978 8,652 

Channel bank 

vegetation  2,997 28 374 5 408 7 14 3 

Channel bed 

stabilization  2,846 17 14,955 16 1,257 28 3,047 60 

Critical area planting  185,647 2,006 145,312 1,769 309,749 1,678 253,396 1,751 

Fence  4,169,595 19,396 4,697,340 16,330 3,063,850 14,291 2,869,938 14,984 

Forage harvest 

management  184,441 7,150 172,266 6,401 92,092 3,295 58,295 2,271 

Forage and biomass 

planting  317,769 10,123 332,868 11,203 262,800 7,803 248,993 7,023 

Grazing land 

mechanical treatment  17,050 126 11,733 63 16,885 173 8,336 42 

Heavy use area 

protection  336,186 4,525 428,155 4,511 555,785 4,972 509,535 6,641 

Herbaceous weed 

control  317,077 5,126 609,670 8,012 603,432 6,963 699,031 7,560 

Integrated pest 

management (IPM)  1,413,884 17,916 1,195,966 13,162 875,150 7,427 537,198 6,472 

Livestock pipeline  4,657,188 12,717 5,113,551 12,347 4,214,683 10,079 4,097,422 10,528 

Nutrient management  620,157 21,720 501,105 16,990 332,326 11,880 315,695 9,860 

Pond  327,410 1,637 415,235 1,622 255,087 1,054 130,909 1,020 

Prescribed burning  207,431 729 169,181 547 441,276 712 144,418 550 

Prescribed grazing  20,937,991 81,079 19,785,644 75,295 14,233,498 54,219 14,294,232 51,226 

Pumping plant  2,109,152 2,315 2,737,032 2,655 1,521,402 2,332 1,824,078 2,489 
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Table A-1. Land units receiving NRCS conservation by practice (2012-2015) continued 

Range planting  343,294 893 509,328 869 371,583 947 529,393 883 

Silvopasture 

establishment  1,559 14 61 4 458 24 1,586 8 

Streambank and 

shoreline protection  13,388 235 16,528 161 22,275 195 136,037 249 

Toxic salt reduction  194 3 446 7 285 5 165 3 

Waste recycling  47,543 2,313 38,009 1,759 23,057 912 13,493 580 

Water well  1,104,853 2,312 1,668,276 2,839 1,224,156 2,103 811,456 2,021 

Water and sediment 

control basin  8,169 163 12,455 130 3,335 96 5,362 134 

Watering facility  8,148,660 15,733 9,227,758 14,641 9,238,124 12,461 7,623,129 13,006 

Windbreak/shelterbelt 

establishment  71,082 380 33,840 253 56,808 283 48,580 321 

Windbreak/shelterbelt 

renovation  3,440 27 3,790 38 3,249 41 7,894 75 

1Source: USDA-NRCS, National Planning and Agreements Database, November 2015. Land unit acres may be counted multiple 

times across practices and fiscal years. 
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Table A-2. Land units receiving NRCS conservation by program (2012-2015) 

Program 
2012  2013  2014  2015  

Acres  Count  Acres  Count  Acres  Count  Acres  Count  

Agricultural Conservation 

Easement Program (ACEP)  
- - - - 383 4 24 2 

Agricultural Management 

Assistance (AMA)  8,978 220 11,223 230 5,081 110 5,945 102 

Agricultural Water Enhancement 

Program (AWEP)  103,338 384 44,186 411 48,702 469 34,888 395 

Chesapeake Bay Watershed 

Initiative (CBWI)  24,737 2,921 27,620 2,929 28,950 3,092 22,820 2,533 

Conservation Reserve Program 

(CRP)  24,381 1,260 23,637 840 10,170 352 4,849 271 

Conservation Technical 

Assistance (CTA)  16,127,239 105,073 15,100,072 96,887 12,040,738 69,517 11,537,973 64,539 

Emergency Watershed Protection 

Program (EWP)  12 1 173 4 5 1 235 1 

Environmental Quality Incentives 

Program (EQIP)  15,663,517 107,166 15,887,847 97,941 12,586,266 76,838 11,096,425 79,084 

Grassland Reserve Program 

(GRP)  87,470 1,535 118,023 1,214 110,418 1,233 93,315 714 

Healthy Forests Reserve Program 

(HFRP)  4,415 16 10,951 16 9,404 29 - - 

Resource Conservation and 

Development Program (RCD)  
- - 52 1 - - - - 

Watershed Protection and Flood 

Prevention Program (WFPO)  191 20 303 24 - - - - 

Wetlands Reserve Program 

(WRP)  4,128 38 9,635 67 2,111 11 407 9 

Wildlife Habitat Incentive 

Program (WHIP)  646,383 2,064 728,729 1,965 683,252 1,975 435,311 1,193 

Other  1,272 98 14,750 385 58,055 57 6,183 34 
1Source: National NRCS Conservation Program Summary. 
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