
ABSTRACT 

RENNER, BART MICHAEL. The Effect of Stocking Rate History on Soil Nutrient Levels 

and Forage Nutrient Uptake in Pasture Hog Production Systems.  (Under the direction of Dr. 

Jean-Marie Luginbuhl). 

 

 An experiment was conducted at The Center for Environmental Farming Systems in 

Goldsboro, NC (35˚23’30”N, 78˚03”W) to examine the carryover effect of swine occupation 

on soil and forage nutrient levels, in a pastured swine system with a history of different 

stocking rates. In a previous study initiated in June of 2008, hogs (18.4 and 118.5 kg initial 

and final body weight, respectively) were randomly assigned to each of twelve paddocks 

sized to equal stocking rate (SR) of 37, 74, 111, and 148 head ha
-1

 in a randomized complete 

block design (blocked by slope and soil type). The hogs were removed in August of 2008. 

The experiment was repeated again in summer of 2009. Animals had ad libitum access to 

water and concentrate feed. Soil samples were taken in July of 2008 before the hogs were 

introduced to the plots and after their removal from the plots in July 2009. Percent ground 

cover was estimated and soil samples taken throughout the study serve as a baseline for the 

present study. In the present study, a cereal rye/annual ryegrass mixed crop was planted in 

fall of 2009 and a sorghum sudangrass hybrid was planted in the summer. Forage harvests 

and subsequent tissue analysis took place in spring for the rye mix, and summer and fall for 

forage sorghum) of 2010, along with soil samples taken in spring and fall for phosphorous 

(P) and inorganic nitrogen (N). Soil penetration resistance was measured in April, 2010 with 

a soil penetrometer. Root counts were determined during each soil sampling. Mean inorganic 

N levels increased with stocking rate (p<0.05), but did not affect soil P (p=0.53). Spring 

forage harvests were not affected by stocking rate, but summer and fall harvest showed a 

positive linear relationship between increased stocking rate and forage dry matter (DM) 



(p=0.069), N (p=0.038), and P (p=0.07). Roots counts were greater (p<0.01) and soil there 

was less penetration resistance in the top 15cm of soil (p<0.001). These results indicate that 

environmental concerns associated with pastured swine operations can be mitigated with 

rotational hay production, and offer small farmers a potentially profitable method of pasture 

remediation and nutrient retention. However, stocking rates, feed inputs, length of time on 

pasture, and percent ground cover may need to be closely monitored and adequate time 

allowed to pass before re-stocking to avoid nutrient losses via leaching beyond the root zone.  
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PASTURE SWINE PRODUCTION SYSTEMS: A REVIEW OF THE LITERATURE. 

 Pork Market. Concerns over animal welfare and the environmental impact of 

conventional farming systems have led to a rapidly growing market for pork products that 

consumers perceive as being environmentally sustainable, healthier, and more animal 

friendly (Grado et al. 2001). In effect, the perception of “pork quality” has evolved to include 

the pork production process itself. This has created an increasing public perception that 

outdoor (“pasture”) raised hogs produce a higher quality product (Edwards 2005).  Several 

studies have compared certain meat quality attributes between conventionally and pasture 

raised hogs (Daza et al. 2007, Daza et al., 2006, Gentry and McGlone 2003, Gentry et al. 

2004, Lammers et al. 2007, Olsson and Pickova 2005, Patton et al. 2008). Olsson and 

Pickova (2005) did an extensive review of the literature surrounding comparisons of meat 

produced by conventional and outdoor methods. The authors did generally find higher sheer 

force in meat from pasture-raised hogs, but noted that when comparing meat quality 

attributes such as pH, meat color and water holding capacity, inconclusive and sometimes 

contradictory results were found among studies. They went on to note that results of 

comparisons of chemical composition also are not consistent across studies and that future 

research should focus on the effect of a combination of factors, including the effects of 

feeding, production systems, genotype, sex, and pre-sacrifice treatments.  Several authors 

have noted that there are many other factors affecting consumers’ choice to purchase pasture-

raised products. (Honeyman et al. 2006) noted that whereas price may be the first 

consideration of most consumers, they are also generally concerned with the welfare of the 

animal as it was raised and sacrificed. Consumers also reported being willing to pay higher 

costs for pork from local farms, especially what they perceive as a “small family farm” 
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(Wheatley, 2003, Dransfield et al., 2005, Lusk et al., 2006) and for pork that antibiotic and 

hormone free (Lusk et al., 2006).  Consumers also tend to have reservations about the 

impacts of confined animal feeding operations (CAFOs) on the local community, economy 

and environment (Donham et al., 2007). In addition to animal welfare, CAFOs raise concerns 

about the welfare of laborers working in these environments (Schiffman et al., 2005). Foul 

odors, production of greenhouse gases, over-application of nutrients on waste sites, and 

unsustainably high labor costs are just a few of the issues associated with CAFOs and their 

waste management (Donham et al., 2007).  

 Challenges with pasture swine production systems. Current pasture hog production 

systems (PHPS) face their own set of environmental and animal welfare challenges. Unlike 

ruminants, which have the ability to digest cellulose and get all of their nutritional 

requirements from pasture, swine have a monogastric digestive system similar to humans and 

can only get about 5-10% of their nutritional requirements from pasture (Andresen et al., 

2000).  Edwards (2003) found similar results noting that pasture can contribute up to 50% of 

the nutritional requirements for dry sows on pasture, but < 5% of grower pigs. The author 

went on to note that noted that energy requirements for hogs on pasture increased by 15% 

compared to conventionally raised hogs due to increased activity levels. Pastured swine 

generally have a feed conversion ratio of 4:1 (Lammers et al., 2007), which means that it 

takes 4 pounds of feed for a hog to gain 1 pound of live weight. This is generally higher than 

conventionally raised hogs, which have lower feed conversion ratios due to inactivity 

(usually 2-3:1). Therefore, pasture swine systems must rely heavily on outside feed inputs. 

Most of the nutrients brought into the pasture system are left behind in the form of dung and 

urine which can cause potentially serious levels of nutrients such as nitrogen (N), 
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phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu), and 

boron (Bo) (Sheffield 2000). Nitrogen and P are generally considered to be the greatest 

concern. Larsen and Kongsted (2000) noted a surplus of 330 – 650 kg N ha 
-1

 on land used 

for grazing sows on organic farms. Conversely, several authors have noted little change in 

available P with PHPS, but noted that erosion of high P soils was a very serious concern 

(Eriksen et al., 2006a, Quintern and Sundrum, 2006, Quintern, 2005). The pastured-pork 

producer must maximize production to be profitable while maintaining pasture nutrient 

balances that fall within local and/or national environmental guidelines designed to keep 

nutrients of concern out of public waterways. 

 Stocking rate and the importance of ground cover. Higher stocking rates are 

generally expected to be correlated with higher soil nutrient levels (Williams et al. 2000), and 

a reduction in stocking rate may prevent environmental degradation often associated with 

PHPS (Eriksen and Kristensen 2001). However, this may not be an economically feasible 

alternative for small farmers needing to maximize output, and research indicates that high 

stocking rates may not cause adverse pasture conditions until some critical percentage of 

ground cover has been removed (Williams et al. 2000, Rachuonyo and McGlone 2006). The 

degree of environmental degradation associated with PHPS is dependent on a wide range of 

factors including feed nutrient concentrations, feed protein quality/ digestibility, soil type, 

soil moisture, length of time on pasture, nose ringing and percent ground cover. For example, 

(Rachuonyo et al. 2002) compared soil nutrient levels between pastures stocked at 17.5 or 35 

head/ha and found that % ground cover on a pasture of “Spar” old-world bluestem 

(Bothriochloa ischaemum) deteriorated rapidly in the spring, especially with the higher 

stocking rate, but recovered rapidly when the hogs were removed. They expected to find 
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higher NO3 levels with the higher stocking rate but instead found that soil NO3 levels 

increase slightly with both stocking rates. This is most likely because the percentage ground 

cover measurements never dropped below 83% and the forage aided in nutrient uptake and 

retention. Williams et al. (2000) found similar results noting that stocking rate, and therefore 

N input, had little effect on the amount of N leaching relative to the effect of percent ground 

cover. Other studies have mentioned that when considering stocking rate, maintaining some 

critical level of ground cover is essential to prevent soil erosion (Butler et al. 2006, Butler et 

al. 2007), aid in retention, uptake and removal of nutrients of concern (Jaindl et al.1991, 

Kariuki et al. 2010), and supplement the swine diet (Sundrum, 2001). High stocking rate 

without frequent rotation is associated with the loss of ground cover, which has been shown 

to cause increased soil erosion/loss of topsoil (Butler, 2006), and nutrient leaching into 

ground water (Butler et al. 2008) because bare soils are more prone to leaching of nutrients 

of concern such as N and P (Eriksen et al. 2006). Andresen and Redbo (1999) showed that 

higher stocking rates may increase the amount of rooting and other nasal behaviors, therefore 

decreasing the amount of ground cover at a higher rate when hogs are in closer quarters.  

 In some cases, stocking rate must be adjusted to pre-set nutrient limitations. Quintern 

and Sundrum (2006) limited the stocking rate following the regulations of the Bioland 

association (Huber, 2005), which permit an annual input of  112 kg N ha
-1

 and 43 kg P ha
-1

or 

10 fattening hogs ha
-1

  year
-1

. Thortnon (1988) noted that the adequate stocking rate is largely 

dependent on the type of soil and forage present, shape of pasture, climate (especially 

rainfall), breed of hog, length of time on the pasture. The author went on to provide a general 

recommendation of 14- 19 sows/ha. Finding the best stocking rate to fit with environmental 

and climatic conditions of a certain pasture is a major managerial decision for a small farmer, 
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and is often discovered through trial and error over a period of years as the small farmer 

grows to understand the many conditions that affect the health of the pasture system.  

 Loss of ground cover has been shown to cause increased soil erosion, (Butler, 2006, 

2007), and nutrient leaching into ground water (Butler et al., 2008). As reported by Eriksen et 

al. (2006), bare soils are more prone to leaching of N, P, K, and Cu. Ground cover has been 

shown to effectively reduce N losses through leaching, erosion, and volatilization (Eriksen et 

al., 2006). Eriksen, et al. (2002) noted that up to 50% of N excreted by hogs as urine can be 

lost through volatilization. Volatilization of ammonia rapidly stops following urine 

infiltration into the soil, so it probably only happens during grazing (Petersen et al., 2001). 

Losses through volatilization are therefore very likely to be reduced if hogs are grazing on 

pasture with high ground cover. Adeli et al, (2003) indicated that forage nutrient uptake 

values were much higher when applied at the period of maximum forage growth, indicating 

that uptake of excess nutrients may have been higher in forage that was on the ground during 

swine occupation.    

 The loss of ground cover through rooting and trampling in PHPS depends both on 

ambient conditions and management. Quintern (2006) noted considerably less rooting 

behavior, and therefore greater ground cover, under very dry soil conditions. Eriksen (2006) 

found that rooting behavior could be significantly reduced by using nose rings. Research has 

also shown that swine  fed at varying times during the day, allowed to go hungry, or 

frequently moved to a new area tended to exhibit more exploratory and rooting behaviors and 

therefore caused greater damage to the grass sward (Eriksen et al. 2006b, Rivera Ferre et al. 

2001, Stern and Andresen 2003). 
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Nutrient management and soil nutrient levels. Pastured swine production systems 

can become a nonpoint source of pollution when excessive levels of inorganic N and P being 

returned to the soil in animal excreta (Worthington and Danks 1992). The soil profile can 

quickly become saturated and prone to leaching of these nutrients into the ground water, a 

problem that can be exasperated if the soil surface is bare and there are no roots to aid in 

nutrient retention and export (Rowe and Fairbrother 2003) and further exasperated in sandy 

soils with low N and P adsorption capacities (Watson et al., 2003). Sandy soil is often the 

type of soil chosen for pastured swine in the southeastern US because it may be less prone to 

compaction (Zihlmann et al., 1997). In addition to leaching, erosion can be a very serious 

issue, especially with excess amounts of P and inorganic N in the soil (Butler et al. 2007). 

These nutrients can wash into nearby streams and lakes, causing algal blooms which can be 

lethal for fish and other aquatic wildlife (Magdoff, 2009). Soil erosion is particularly evident 

in PHPS due to the natural behavior of hogs to root and wallow (Eriksen et al. 2006b) 

therefore decreasing ground cover and leaving soil exposed.  

Nitrogen and P will behave very differently from each other when introduced into 

PHPS through animal excreta. Ammonium from manure and urine can volatilize or be 

converted to nitrate by soil bacteria. Organic N will be mineralized slowly over time by soil 

bacteria to produce ammonium which can then be converted by soil bacteria to nitrate pools 

that have a high potential for loss (O'Leary et al. 2002). Both ammonium and nitrate are 

available to the plant, but nitrate is often of greatest concern because if its mobility and 

vulnerability to leaching (Petersen et. al., 2001). Nitrate could also be converted to di-

nitrogen (N2) and nitrous oxide (N2O) gases during the process of denitrification (in low 

oxygen soil environments)( (Magdoff, 2009). Conversely, P is quickly bound to soil 
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molecules and generally considered immobile in the soil profile.  However, at very high 

application rates and /or low cation exchange capacities (CEC), the P adsorption capacity of 

the soil profile can be filled causing excess soil P to leach (Eriksen, 2001, Watson et al. 

2003). This problem can be exasperated in sandy soils with low P adsorption capacities, and 

in areas with high rainfall (in excess of field capacity). Studies have shown that, at the time 

of deposition, about 90% of the total P in swine manure is in the inorganic form that is 

available for plant uptake (Eghball et al., 2002). However, as time passes and phosphate ions 

come into contact with soil particles they mostly begin to bind with ions in the soil. This 

process of P immobilization binds P to the soil, making it unavailable to the plant, and is 

heavily dependent on soil pH (Havlin et al., 2005). Mineralization of bound soil P is 

dependent on temperature, soil moisture, and oxygen availability to create a favorable 

environment for soil microbes (Busman et al., 2002).  

 Nutrient flow and variability in pasture swine production systems. There have been 

several studies attempting to quantify nutrient inputs, outputs, and losses in pastured swine 

systems (Williams et al., 2000, Eriksen and Kristensen, 2001, Petersen, 2001, Rachuonyo et 

al. 2002, Watson et al., 2003, Rachuonyo and McGlone, 2006, Quintern and Sundrum, 2006,) 

Many of these studies analyzed the nutrients brought into the pasture in the form of feed, 

subtracted the (estimated) amount removed with the body of the animal, and then assumed 

that the rest was left on the field in the form of dung, urine, and spilled feed.  Eriksen et. al., 

(2002) measured all the major pathways for nitrogen in PHPS and found that, of the N input 

from feed to the experimental area, 44% could be accounted for in piglets, 13% as ammonia 

volatilization, 8% as denitrification and 16 to 35% as nitrate leaching. Worthington and 

Danks (1992) estimated lower levels of N removed with sows and fattening hogs with an 
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estimation of 25% of total N input. Watson et al. (2003) and Salomon et al. (2007) noted the 

difficulty in accurately describing the amount of N and P being deposited by pastured swine 

due to the heterogeneous nature of distribution of nutrients. They noted that swine 

instinctually designate areas for defecation, and these areas tend to have significantly higher 

nutrient loads than other areas in the paddock, representing a higher risk of nutrient leaching. 

(Salomon et al. 2007) found similar results in Sweden, noting that a large proportion of the 

nutrient load (43-95%) was concentrated in a very small area of the paddocks (4-24%). 

Eriksen and Kristensen (2001) characterized the high level of variability of soil nutrient 

levels in their experimental plots and found them to be highly correlated with the location of 

the feeders, most likely due to spilled feed and higher manure deposition. They went on to 

note that unsustainably high nutrient loads can be  avoided with frequent rotations of shade 

and feeding structures to manipulate the excretory behavior of the hogs. Such heterogeneous 

distribution of nutrients can cause problems with nutrient management of subsequent 

cropping systems. Nutrient management plans may be adapted to the fertilization needs of 

the areas with the lowest fertility, and areas previously receiving excessive nutrient inputs 

(such as designated dunging areas or areas close to feeders) may be over-fertilized.  

 Soil nutrient levels and nutrient uptake by forages in pasture hog production 

systems. Little research has been conducted to investigate the potential of forages to absorb 

and remove excess nutrients specifically in PHPS. Andresen et al., (2001) found that with a 

stocking rate of 20 m
2 

hog 
-1

 week
-1

 a net zero N balance was achieved between the import of 

feed and the export of hog weight gain combined with wheat grain yield in the subsequent 

wheat crop. Watson and Atkinson, (1999) noted that nutrient surpluses can become 

problematic in PHPS and concluded that, with conventional stocking rates, frequent herd 
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movement and integration of catch-crops may be necessary. In a study of the effectiveness of 

spring barley as a catch crop after swine occupation, Gustafson, (2000) found that catch 

crops were effective at preventing N leaching, but also noted that additional N mineralization 

that may occur during field preparation and seeding of a catch crop, which may have been 

responsible for higher NH4 levels deeper in the soil profile when compared to fallow fields. 

The author also noted difficulties and the potential for lowered revenue from harvesting hay 

in fields previously used for PHPS due to uneven land from swine rooting activities lower 

quality forage. Quintern, (2005) noted that the acceptance of PHPS is based on their 

sustainability, mainly, their ability to keep soil nutrient levels within a tolerated range. The 

author suggested a 6 year rotational cropping system which integrated hogs and focused on 

the uptake of soil nutrients from deep in the soil profile. Economic competition of PHPS with 

cash crops must also be considered when designing such a system (Quintern, 2005).   

 The size of effective rooting depth or area of maximum nutrient uptake of a catch 

crop will generally have a significant effect on its ability to mine soil nutrients and prevent 

leaching, with deeper rooted crops being more effective at preventing nutrient leaching (Vos 

et al., 1998). Studies have shown that crops differ in their ability to penetrate deep into the 

soil and mine nutrients of concern (Thorup-Kristensen, 2001) and have variable levels of 

uptake efficiency (Laine et al. 1993). Italian ryegrass (Lolium perenne L.) and cereal rye 

(Secale cereal L.) have both been shown to have deep rooting systems, which, according to 

Thorup-Kristensen (2001),  enabled them to remove soil nutrients from up to 1.5 meters deep 

in the soil profile. Sorghum (Sorghum bicolor) has also been shown to produce an extensive 

rooting system capable of removing nutrients deep into the soil profile. Sorghum has also 

been shown to effectively mine nutrients in high soil N and P sites (Ketterings et al. 2006, 
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Sleugh et al. 2006, Osmond, Kang 2008). Robertson (1993) found that sorghum roots can 

reach 190 cm and still take up nutrients. Stone (2001) found similar results for sorghum at 

185 cm.  

Forage species that are especially effective at nutrient uptake in high nutrient fields 

are considered “hyperaccumulators”. Novak and Chan (2002) defined a hyperaccumulator of 

soil P to be any species that absorbs ≥ 0.8% P content in dry matter. Species with high N 

requirements such as corn (Zea maiz L.) and sorghum have been shown to be very effective 

at uptake and removal of N when the potential of leaching is present by incorporating 3-4% 

N content by weight (Ketterings et al., 2006).  This crop grows well in the southeastern US, 

is highly drought tolerant and produces hay with high amounts of digestible fiber (TDF) 

(Sleugh et al. 2006),  Torstensson and Aronsson (2000) found that a combination of rye/ 

ryegrass up to 2.4% N by DM. Starnes et al., (2008) noted that annual ryegrass was very 

effective at accumulating P, taking up 7 g kg
-1

 (0.7% DM) in shoots and 10 g kg
-1

 (1%) in 

roots. Evers (1998) found that annual ryegrass (Lolium multiflorum L.) was capable of taking 

up P in excess of its metabolic requirements when grown in high P soils. Sharma et. al, 

(2004) and (2005) found P content of up to 2% DM with annual ryegrass grown in 

greenhouse conditions.   

A mixture of warm season forages such as sorghum or bermudagrass (Cynodon 

dactylon L.) with winter hardy species such as rye and/ or ryegrass fit well in rotation with 

PHPS because they can be planted late in the fall when it may be difficult to establish other 

pasture species. Warm season forages can also provide ground cover and considerable spring 

growth (Thorup-Kristensen et al., 2003) and would fit well into rotations with rye/ryegrass 

(Secale cereale and Lolium multiflorum) (Sleugh et al. 2006). Using rye and or ryegrass in a 
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double cropping system had been shown to be very effective at preventing nutrient leaching, 

and nutrient uptake in  high nutrient soils (Newton et al. 2003, Kratochvil et al. 2006). In a 

study using a ryegrass/bermudagrass cropping system, Read et al. (2009) reduced Mehlich- 3 

(M3) P by 50% in pastures with low application rates, returning soil P values to 

environmentally-tolerable levels. Nevertheless, some authors have found that while soil N 

levels can be quickly remediated with catch crops, soil P is slow to respond, especially in 

areas with long histories of animal usage or manure deposition (Cavigelli and Thien, 2003, 

McLaughlin et al., 2005). Kratochvil et al. (2006) found that, even with high annual ryegrass 

and corn silage yields, no consistent reduction in M3 P was noted in high M3 P test soils. 

They concluded that it may take several years, if not decades, for soil P levels to decrease 

back to environmentally tolerable levels.  

 While rare, some authors have found a risk of excessively high nitrate levels in hay 

harvested from previously-used pastures (Poore et al. 1999, Stanton and Whittier 2006), 

which highlights the importance of testing forage harvested from pastures with high stocking 

rates for nitrate levels. Consequently, there is evidence that using crops as a means of 

nutrient uptake and export can be a profitable form of pasture remediation and nutrient export 

for the small farmer (Newton et al. 2003).  

 Environmental conditions affecting nutrient uptake. The ability of forage to mine 

and take up excess soil nutrients depends heavily on a wide range of environmental 

conditions such as shading, rainfall, ambient temperature, soil type, soil moisture, soil 

nutrient content, soil compaction, forage species and forage rooting depth. Vos et al., (1998) 

noted that dry matter accumulation was more affected by global radiation and other climatic 

conditions than soil nutrient availability. Lainé et al. (1993) found that maximum N uptake 
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was strongly associated with temperature, and also with the level of previous N applications. 

These authors also found major differences in uptake between forage species, noting that 

uptake mechanisms are different among species. They found that species in the Brassicaceae 

were able to more efficiently take up nutrients than species in the Poaceae. Thompson and 

Christensen (1999) found lower winter temperatures decreased the amount of leaching and 

increased uptake in spring, likely due to decreased levels of microbial activity and associated 

N mineralization. They also noted that to maximize uptake mineralization of organic N needs 

to be in synchronization with periods of highest crop demand, otherwise leaching of N can be 

significantly greater.   

 Root numbers in pastured swine production systems. It is often expected that higher 

stocking rates reduce the depth and (or) count of roots in a pasture system through soil 

compaction and the destruction of above-ground photosynthetic material necessary for root 

growth (Chaieb et al. 1996). In a study of pastures grazed under high and low stocking rates 

for 30 years, Greenwood et al. (1998) found a greater proportion of the total root mass closer 

to the soil surface at higher stocking rates, which they attributed to more frequent changes in 

botanical composition compared to fallow pastures or pastures with lower stocking rates. 

They also found more fine roots in pastures with higher stocking rates. Previous research has 

shown that at higher animal stocking rates, botanical composition will often move from 

perennial to annual and short-lived perennial plants, which generally have shallower root 

systems, but the proportion of roots near the surface will decrease as the sward is allowed to 

reach maturity. Nevertheless, in a review of the literature Matches (1992) cited several cases 

where stocking rate had no effect on root numbers. Mathew et al. (1991) noted that root 

counts and production of new roots was similar between high and low animal stocking rates, 
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but that there were large differences in root numbers across all treatments due to seasonal 

changes.  Lamande et al. (2003) found that pastures with a history of low stocking rates often 

have deeper rooting systems and higher water infiltration rates. 

 Soil penetration resistence. Soil compaction and the resulting difficulty for roots to 

penetrate deep in the soil profile and take up nutrients appears to be a common detrimental 

effect of PHPS (Lee Menius, personal communication). It is well known that soil compaction 

from both machinery and animals can have significant effects on crop production (Batey 

2009, Fernández et al. 2010, Głąb and Kopeć 2009). Soil compaction may create an 

unfavorable environment for the uptake of nutrients by crops as a result of lowered oxygen in 

the soil environment, reduced availability of water and nutrients and the inability of roots to 

push through a more dense soil profile, all of which can reduce yield (Cook et al. 1996). 

Crops growing in compacted soils may not be able to explore the same amount of soil for 

nutrients due to shallow root systems and smaller base diameters of individual roots. Roots 

growing in compacted soils may also root through cracks, fissures, or biopores in the soil, 

which can cause heterogeneous root distribution and nutrient depletion in the rhizosphere 

(Canbolat et al., 2006). This is especially problematic in a pasture system where perennial 

forages are often used and tillage equipment that may aid in loosening soil is not available 

(Głąb and Kopeć 2009, Mirsky et al. 2009, Northup et al, 2010) 

 Soil compaction in a pasture is also heavily influenced by soil moisture.  In a review 

of the literature on soil compaction, Batey (2009) found a strong association between 

increased soil compaction and having animals and/or machinery on the field during times of 

high soil moisture. Drewry (2006) found very little change in soil bulk density due to grazing 

animals, which they attributed to very low rainfall during the experimental period. 
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Conversely, Frost (1988) reported increased yields with soil compaction, which may have 

been caused by a better water and nutrient reserve during drought situations and quick 

recovery of the soil pore system. Batey (2009) concluded that land management that may 

involve heavy machinery or the excessive movement of animals should be avoided during 

periods of high soil moisture and that soils with higher clay concentrations are prone to 

compact quicker. This could mean that sandy/loam pastures may be better suited for pastured 

swine systems. Whereas some authors have found an association between pasture swine and 

higher soil compaction (Quintern and Sundrum, 2006), Andresen (2001) found that hogs 

actually had very effectively replaced a substantial part of the tractor work needed to plow a 

field by rooting. 

 It is not yet clearly understood what effect compaction has on the soil biota 

microenvironment, but there is evidence that it has an effect on nutrient uptake and crop 

yields. Beylich et al. (2010) reviewed the literature on the effect of soil compaction on soil 

organisms and biologically-driven soil processes (e.g., macropore formation, respiration 

rates, N-mineralization), finding that there are many conflicting results, some concluding that 

compaction has a beneficial effect, other finding a negative association. The effect of these 

organisms and the their ability to affect crop yield is not well understood, but many authors 

have found a that arbuscular mycorrhiza have the ability to increase plant nutrient uptake  in 

highly compacted soils, most likely by increasing the area that roots are able to explore for 

nutrients in the soil profile (Canbolat et al., 2006, Miransari et al., 2006, Miransari et al., 

2007, Miransari et al. 2009). Because arbuscular mycorrhiza need a host plant to maintain 

effective populations (Canbolat, 2006), pasture swine producers should focus on maintaining 
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ground cover which would consequently maintain roots in the soil and better facilitate the 

process of nutrient uptake in (what may be) more highly compacted soils.  
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THE EFFECT OF STOCKING RATE HISTORY ON SOIL NUTRIENT LEVELS AND 

FORAGE NUTRIENT UPTAKE IN PASTURE HOG PRODUCTION SYSTEMS 

 In recent years, the demand for pork products from hogs fattened on pasture has been 

growing (Honeyman et al., 2006). A growing proportion of pork consumers have expressed 

reservations about the impacts of confined animal feeding operations (CAFOs) which house 

swine (Verbeke and Viaene, 2000). As a result, the perception of “pork quality” has evolved 

to include the swine production process itself, which has created an increasing public 

perception that outdoor (“pasture”) raised hogs produce a higher quality product (Dransfield 

et al. 2005, Edwards 2005a, Honeyman et al. 2006,). The demand for such pork products is 

growing rapidly and often exceeds supply (Grannis and Thilmany, 2002, Dransfield et al., 

2005) and there is a lack of information outlining the best methods to efficiently and 

sustainably increase production to satisfy demand. The niche market created by the demand 

for pasture-raised hogs is often filled by small farmers (farmers with less than 100 hogs 

(Talbott et al. 2004) due to relatively small startup costs, land requirements, and labor 

(Honeyman, 2006).  However, without proper management, nutrients such as potassium, 

calcium, magnesium, zinc, copper, boron and especially nitrogen and phosphorous can 

quickly reach problematic levels (Sheffield 2000) by becoming non-point sources of 

pollution to waterways and causing eutrophication, algal blooms and leaching into 

groundwater. Successful management of such large quantities of nutrients in the pasture 

depends on a manager’s ability to reduce total inputs while capturing and exporting excess 

nutrients. Pastured-hog producers need to better understand how to optimize productivity 

while meeting environmental guidelines and avoiding nutrient overloads. The best methods 

for doing this are not well understood, but previous research indicates that lowering stocking 
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rate and incorporating rotational hay crops may be an effective method of preventing nutrient 

loss to the environment and removing excess nutrients from the pasture system (Andresen 

and Redbo 1999, Eriksen et al., 2006b, Andresen et al., 2001). The objectives of this study 

were to determine the carryover effect of different stocking rates on subsequent soil nutrient 

levels and forage uptake of nutrients.  

Materials and Methods 

 Site description and history. The experiment was conducted at the Center for 

Environmental Farming Systems - Cherry Research Farm in Goldsboro, NC. The 

experimental design was a randomized complete block blocked according to soil type and 

topography (Figure 5). During both field seasons with swine occupation, the experimental 

units were pastures containing 5 growing hogs each, sized to replicate stocking rates of 37, 

74, 111, and 148 hogs ha
-1

.  Soil mapping of the area by the Natural Resource Conservation 

Service (NRCS) has shown a high level of variability, but surface horizons were sand to 

sandy loam and subsurface horizons had higher clay concentrations ranging from sandy clay 

to sandy clay loam (NRCS, 2010). Soil mapping units included Wickham Series (Fine-loamy, 

mixed, thermic, Typic Hapludult), Wahee Series (Fine, mixed, thermic, Aeric Endoaquult), 

Altavista Series (Fine-loamy, mixed, thermic, Aquic Hapludult), State Series (Fine-loamy, 

mixed, thermic, Typic Hapludult), and Dogue Series (Fine, mixed, thermic, Aquic Hapludult) 

(Bordeaux, 2010 unpublished data; NRCS, 2010). The area was traditionally used for cattle 

grazing until 2008 when the present experiment was designed. In July of 2008, hogs (18.4 

and 118.5 kg initial and final body weight, respectively) were randomly assigned to each of 

twelve paddocks sized to equal stocking rates (SR) of 37, 74, 111, and 148 head ha
-1

 in a 

randomized complete block design (blocked according to soil type). The hogs were removed 

in August of 2008 and processed at a commercial facility. The experiment was repeated 
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again in the summer of 2009 (May-July). Animals had ad libitum access to water and 

concentrate feed. Similar results in weight gain and daily feed consumption were noted. Data 

from the previous studies served as baseline for the present experiment. Daily temperatures 

(State Climate Office, 2010) were average during the course of the experiment (Figure 1) and 

rainfall was often below average, especially for 2010. (Figure 2). 

 Fall cereal rye/annual ryegrass planting and spring harvest. Following hog removal 

in July of 2009, major dips or hills in the research plots were smoothed over with a box blade 

attached to a tractor (John Deere 5325, Augusta, GA) to allow seeding machinery to pass 

over the research areas. Special care was taken not to move soil and nutrients from one 

treatment area to another. Remaining bermudagrass was chemically controlled with an 

application of glyphosate at 3% ai v v
-1

. All treatment areas were planted with a combination 

of cereal rye var. Abruzzi (Secale cereale L.) and annual ryegrass var. Marshall (Lolium 

multiflorum L.) in October of 2009. Annual ryegrass was planted with a model SSP-10 

Brillion Pure Stand seeder (Brillion, WI) at 28 kg ha
-1

 to a depth of 1.27 cm in approximately 

15.2 cm rows. Cereal rye was planted with a Sukup no-till drill (model 2055 Sheffield, IA) at 

a rate of 67.2 kg ha
-1

 to a depth of 1.27 cm on 19.0 cm rows. In April of 2010, 0.6% of the 

cereal rye/annual ryegrass biomass was estimated in each plot using randomly chosen 

quadrats (0.5 m x 0.5 m) which were cut to ground level, dried in a forced-air oven (BlueM - 

Lunaire Ltd., Williamsport, PA), ground with a forage grinder (Model 4 Wiley Mill, Thomas 

Scientific, Swedesboro, NJ) to pass through a 0.5 mm screen, mixed and composited to 

produce one sample per plot. The remaining cereal rye/annual ryegrass mixture was then cut 

to a 4-cm stubble and harvested. 
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 Summer forage planting and harvest. On June 15th of 2010,  hybrid sorghum 

sudangrass var. brown midrib (Sorghum bicolor L.), was drilled to a depth of 1.27 cm on 19-

cm rows with a 4.27 m Great Plains (Salina, KS) drill at a rate of 39.5 kg ha
-1

. The sorghum 

was harvested to a 10-cm stubble at early boot stage on August 15th, 2010 with a round hay 

baler (New Holland model 648, New Holland, PA). The weights of bales harvested from 

each plot were recorded using conventional load bars (True Test MP600, Mineral Wells, TX) 

and then core samples were taken using a 1.5 cm bale sampler attached to an electric drill. 

Five core samples were taken along a radius from the outside to the center of the bale and 

immediately composited in one bag. All forage samples were dried and ground in the same 

manner as the rye/ryegrass mixture before being analyzed. The sorghum regrew to a height 

of about 1 m and the experimental plots were again harvested and handled in the same 

manner on October 13th.  

 Forage nutrient analyses. All forage analyses were performed by the North Carolina 

Department of Agriculture and Consumer Services (NCDA) Constable laboratory according 

to the methods previously described by Plank (1992).  

 Soil sampling. Soil samples were taken on four different dates: (1) June 2008 before 

the hogs were moved onto the experimental plots; (2) July 2009 immediately after the hogs 

were removed; (3) May of 2010 after the spring cereal rye/annual ryegrass harvest and (4) 

November 2010 after the forage sorghum harvest. A total of nine samples were collected 

from each plot to a depth of 90 cm using a truck-mounted hydraulic soil sampling and coring 

instrument (Model GSRPS Giddings Machine Company, Windsor, CO) with a 3.2-cm 

diameter coring tube.  The samples were bulked at depths of 0-15 cm, 15-30 cm, 30-60 cm, 

and 60-90 cm. Sampling sites were determined by a grid system with points selected in an 
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“X” pattern covering most of the plot (Figure 3).  Soil samples were dried at 45º C for 24 

hours and then ground to pass a 2 mm sieve with a Dynacrush soil crusher (model DC-5, Orange 

City, FL). Subsamples were composited by plot and sampling depth by mixing 10 cc from 

each of the 9 samples collected at each sampling depth. 

 Root counts. The cylindrical soil cores collected were laid in horizontal troughs made 

of halved PVC pipes. Each 90-cm soil core was first cut at the depths which they would be 

bulked for analysis (0-15cm, 15-30 cm, 30-60cm and 60-90 cm). Counts were taken in each 

section by breaking the core by hand and counting the number of exposed roots on the face 

of the soil core. Because roots broke some distance (usually 1 to 15 mm) from the location of 

where the core broke, and therefore a given root could show on only one of the break 

surfaces, the root counts from both surfaces were added together and reported as the sum for 

the two break surfaces. This was done three times for each of the 4 analysis depths.  

 

Soil Laboratory Analyses 

 Inorganic nitrogen extraction. Inorganic N was extracted from the composited soil 

samples according to the methods described by Keeney and Nelson (1982) with the 

exception that 8 g of the composited subsample was combined with a 1 molar KCL solution 

in a 120 mL acid-washed urine specimen cup to achieve a 5:1 ratio. The samples were then 

placed in 10 mL glass vials and analyzed on a Quick Chem 8000 Lachat (Lachat Inc., 

Loveland, CO) for nitrate-N (NO3) and ammonium-N (NH4). Sample blanks (checks) 

consisting of only the KCL extractant passed through a filter were included. Inorganic N 

concentrations (if any) obtained from the check samples were subtracted from the final 

values of the soil sample analyses to account for any inorganic N that may have been present 
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in the filter paper. Results obtained from the Lachat analyses were multiplied by the original 

ratio (5:1) and reported in units of mg kg-1 of inorganic N, or parts per million (ppm). 

 Phosphorous extraction. A Bray-1 extraction procedure was performed on the 

composited soil samples following the methods of Bray et al. (1945) modified by Sims 

(2000). An Inductively Coupled Plasma - Atomic Emission Spectroscopy method was used 

to quantify extracted P concentrations in the samples with a Perkin Elmer ICP-AES 

instrument (Model Optima 2000DV, Waltham, MA).  Analyses included check samples for 

which nutrient data were previously confirmed by the NCDA for comparison with the values 

of our analyses. Blank samples consisted of only the Bray-1 extractant without any soil.  

 Soil penetration resistance. Sixteen soil resistance measurements were taken in each 

plot in April 2010 before the cereal rye/annual ryegrass harvest with a mechanical recording 

cone penetrometer (Delmi, Shafter, CA). Location of each measurement was determined 

systematically by a grid system adjusted for the size of each plot (Figure 4). The 

measurements were taken to a depth of 90 cm and averaged at depths of 0-15 cm, 15-30 cm, 

30-60 cm, and 60-90 cm. 

 Statistical analyses. Datasets with soil and forage nutrient concentrations, root counts 

and soil penetration resistance measurements were analyzed using Proc Mixed of SAS (SAS 

9.1, 2003). Soil analyses, soil NO3 and NH4 data were square root transformed, and soil PO4 

levels were log transformed before being analyzed to improve the distribution of residuals 

and meet ANOVA assumptions. Untransformed least squares means are presented.  The 

ANOVA model for the soil nutrient dataset was Yijk = µ + βi + τi + dk + ρl + τi *dk + ρl*τi  +  

ρl* dk + ρl* dk*τi + Σijkl where the term βi= is the effect of the i-th block, τi= the effect of the 

j-th treatment, dk= the effect of the k-th depth, ρl= the effect of the l-th date and Σijkl = the 
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effect of random error. Sampling date and depth were treated as repeated measures and 

blocks were considered random. Class variables for soil analysis included sampling date, 

block, stocking rate, and depth. Least square means differences were tested with Fisher 

protected LSD at α=0.05 for forage yield and nutrient levels (total N, PO4, and NO3). 

Stocking rate effects were tested by polynomial regressions using orthogonal contrasts (Steel 

et al., 1997) estimated by the GLM procedure of SAS (1998). Least squares means of the 

datasets for soil penetration resistance, root counts, and ground cover were all analyzed with 

the GLM procedure of SAS for significant differences between means. 

Results  

 Forage yield and nutrient uptake. April, 2010 rye/ryegrass harvests did not show any 

difference in forage tissue chemical concentrations (NO3, total N, or P) or yield between 

stocking rate (table 2). Nevertheless, mean rye/ryegrass N concentrations tended to increase 

with stocking rate. In October 2010, nitrates and total N increased linearly with increasing 

stocking rate (P=0.02 and 0.038, respectively).  Yield and phosphorus levels also tended to 

increase linearly with stocking rate (p= 0.07 and 0.08 respectively). The highest stocking rate 

(148 hogs ha
-1

) also had greater yield than any other stocking rate (p=0.04). Mean N uptake 

in forage sorghum for stocking rates of 37, 74, 111, 148 hogs ha
-1

 was 74, 64, 79, and 93 kg 

ha
-1

, respectively, or approximately 1% of the total biomass yield.  

 Root counts and soil penetration resistance. Root count and soil penetration 

resistance data are shown in figure 6 and figure 7, respectively. Root counts and soil 

penetration resistance were n not affected by stocking rate (p=0.73 and 0.57 respectively), 

but less roots were found at increasing depths in the soil profile (P<0.05) and were affected 

by compaction (p<0.05). Soil sampled in April and October, 2010 showed the top 15 cm held 
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approximately 70% of the total number of roots, and approximately 90% of the roots could 

be found in the top 30 cm. The top 15 cm of the soil profile was less compact than any part of 

the 15-90 cm profile (P<0.05).  

 Soil inorganic nitrogen. The distribution of soil inorganic N (NO3 and NH4) is 

graphed in Figure 8 according to depth, treatment and date. When comparing all dates, 

depths and stocking rates with soil NO3, there was a significant stocking rate by depth 

interaction (p = 0.028), most probably because higher stocking rates would result in greater 

nutrient loads  leaching deeper into the soil profile. There was also a significant depth by date 

interaction (p < 0.0001), indicating that as time passed soil NO3 moved deeper into the soil 

profile. Soil NH4 also showed a significant stocking rate by date interaction (p=0.0081), 

indicating that the effect of stocking rate was different at the different dates. This was 

expected because stocking rate was not significantly different for baseline samples, but 

changed over time with swine occupation, forage harvests, and oxidation by soil microbes. 

Soil NH4 showed a negative association with date (P<0.0001, r = -0.532,). There was also a 

depth by date interaction, indicating that the effect of stocking rate on depth was different at 

each date. This is because soil NH4 had the tendency to increase with depth at some dates, 

but did not show the same trend by October 2010 when soil NH4 levels were about half of 

what they were at the stat of the experiment. 

 Pastures were sampled before hog occupation for baseline comparison. The 

experimental plots contained high levels of soil NH4 before the hogs were brought into the 

pasture in July 2008 (mean value of 21 kg ha
-1

 when averaged across sampling sites and 

depths), probably due to the fact that the area had been historically stocked with  dairy cattle. 

There were no differences between stocking rate. Soil NO3, which is much more mobile in 
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the soil, was not comparably as high (mean value of 2 kg ha
-1

 when averaged across 

sampling sites and depths). Baseline soil data showed that the 148 hogs ha
-1

 stocking rate was 

slightly higher due to the location of these plots on the pasture (P<0.05).  

 In July of 2009, after hogs were removed, soil NO3 levels were higher (P<0.05) in 

the148 hogs ha
-1

 pastures compared to the other stocking rates (Figure 8). When averaged 

across depths, there was a linear increase in NO3 levels (P=0.01) with increasing stocking 

rate after hog removal (July 2009) (P<0.01, r =0.367). Soil NH4 levels, with the exception of 

the 111 hogs ha
-1 

rate (P<0.05), did not show the same linear increase with stocking rate. 

Depth also had a measurable effect on NO3 and NH4 levels (p=0.04 and 0.001, respectively), 

with soil NO3 levels being greatest in the upper soil profile (0-30 cm; P<0.05), and soil NH4 

levels being highest in the lower 30-90 cm soil profile (p<0.05). Hence, the proportion of 

NO3 to NH4 levels also decreased with depth.   

 In the spring of 2010, after the first forage harvest, levels of soil NO3 were reduced 

compared to levels measured in June 2009 (P<0.01).  Mean soil NO3 across all treatments 

and soil depths was about 14 kg ha-1 after swine removal but was reduced to an average of 2 

kg ha
-1

 following the spring forage harvest. Soil NO3 still showed a linear increase  with 

stocking rate (P=0.02), although NO3 concentrations were detected only in trace amounts (≤ 

1 kg ha
-1

) in the top 0-30cm profile of soil in all stocking rates. In fact, the only amounts of 

soil NO3 that were higher than 1 kg ha
-1

 were found in the highest stocking rates (111 and 

148 hogs ha
-1

) at the deepest soil depths (60-90 cm), which held nearly 100% of the NO3 

detected in the system at this sampling time.    

 By October 2010 following the second harvest of forage sorghum, the effect of 

stocking rate on soil NO3 concentrations was not apparent (p=0.15). Soil NO3 levels had been 
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reduced to 17% of the levels detected immediately after the removal of the hogs in August 

2009 with NO3 averaged across depth and treatment even lower than the levels detected 

before swine occupation (P<0.05) in July 2008. However, when examining only the depth of 

60-90 cm, pre-stocking levels were still lower than levels detected after the final forage 

harvest  in the 111 and 148 hogs ha
-1

 stocking rates (P<0.05). 

 Soil phosphorus. With the exception of the 37 hogs ha
-1

 stocking rate being higher 

than all others in April 2010, stocking rate did not have an effect (P>0.05) on Bray-1 (B1) 

soil P concentrations at any sampling date throughout the course of the experiment (Figure 

9). There was a stocking rate by date interaction (P=0.029) meaning that the effect of 

stocking rate on soil P levels was different for different dates. This is most likely because 

stocking rate was only significantly different in April, 2010. Bray-l soil P measured in June 

of 2008 before the hogs were put on the pastures was very high (195 kg P ha
-1

, when 

averaged across stocking rate and depth).  Mean B-1 P levels averaged across stocking rate 

and depth were higher in July 2009 (226 kg P ha
-1

) following swine occupation when 

measured immediately after swine removal, but were similar. Bray-1 P levels were higher in 

the upper 0-60 cm when compared to the 60-90 cm of the soil profile (P<0.003). Total 

Kjeldahl phosphorus (TKP) levels (measured before and after swine occupation), were not 

affected by swine occupation (P=0.84, mean value of 833.6 kg ha
-1

).  Regardless of sampling 

date, approximately 60% of the P measured was found in the top 30 cm of the soil profile 

within the effective rooting depth of the forage, indicating that P may have been available for 

uptake by plants.  

Bray-1 P levels measured in April 2010 were almost twice as high as those measured 

immediately after swine removal in August 2009 (P<0.001). The deepest soil profile (60-90 
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cm) continued to show less B-1 P than any of the other soil profiles (P<0.05). By October 

2010, soil P levels had decreased, but not significantly.  Depth continued to have a 

measurable effect (p<0.05), with about 65% of the total P measured in the top 30cm of the 

soil profile. 

 Ground cover. Ground cover was affected by stocking rate (P<0.0001). As shown in 

(figure 11) percent ground cover decreased with increasing stocking rate (P<0.05). By the 

end if swine pasture occupation in July of 2009, only 32% ground cover was present at the 

highest stocking rate (148 hogs ha
-1

), while the lowest (37 hogs ha
-1

) still had 86% ground 

cover.  

 

Discussion  

 Baseline soil sampling. Table 3 shows the baseline soil values by depth. Baseline soil 

testing showed high levels of soil NH4 and PO4 across the pasture. This was expected due to 

the pasture long history of animal usage.  Ammonium (NH4) and PO4 levels are positively 

charged molecules, and will generally bind to the negatively charged surface of soil 

molecules and become immobile in the soil profile.  An average of 505 kg ha
-1

 of soil P was 

measured at this time was in the top 30 cm of the soil profile, which was approximately 65% 

of the total (782 kg ha
-1

) measured to 90 cm.  

 Studies have shown that, of the total P in swine manure, about 90% is in the inorganic 

form that would have been available for plant uptake at the time of deposition (Eghball et al. 

2002). As time passed and inorganic P came in contact with soil particles, they most likely 

began to bind with aluminum ions in the soil, which would have been more available in soil 

solution due to the pH (avg: 6.28). The absorbed phosphorus likely would have gradually 
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formed more insoluble compounds and become increasingly bound to the soil and become 

unavailable to the plant for uptake (Havlin et al. 2005). This cycle of high P deposition and 

absorption of P by the soil was likely happening throughout the course of the pasture history 

of animal occupation, which explains the high baseline in soil P and why soil P levels did not 

increase significantly. 

   It is interesting that soil NH4 levels were so high because it is generally rapidly 

converted to NO3 by soil microbes (Madgoff, 2009).  This may be explained by the fact that 

the soil profile had historically not been disturbed and oxidation processes where NH4 is 

converted to NO3 would have been slowed by lack of aeration in the soil. Ammonium 

generally does not pose as great a risk of leaching because it is positively charged and binds 

to negatively charged soil particles (Havlin et al., 2005). However, even positively charged 

molecules could leach through the soil profile, especially during times of high precipitation, 

and at deeper depths where roots may not be as available for uptake.  

 The fact that NO3 was not present except at the deepest levels (30-90cm) on pastures 

which had the highest stocking rates (111-148 hogs ha
-1

) show that any NO3 that had been 

previously applied most likely had leached out of the system. Hence, pastures with high 

stocking rates posed a high risk of leaching when rainfall was high since water soluble 

nutrients such as NO3 appeared to be present in quantities higher that what the forage could 

take up.  

 The fate of inorganic nitrogen with swine occupation. During the second occupation 

of the experimental plots (99 days; May – July, 2009), daily feed consumption was estimated 

at approximately 2.94 kg hog-
1
 day

-1
. Based on feed nutrient analyses (Table 4), the total 

amount of N introduced as feed into the system was 322, 626, 967, and 1330 kg ha
-1

 for 
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respective stocking rates of 37, 74, 111, and 148 hogs ha
-1

. Previous studies have shown that 

20 to 25% of N ingested by hogs is exported off-site in the body of the animal (Worthington 

and Danks, 1992). Assuming 23% of the N was exported in the body of the animal, 248, 482, 

745, 1024 kg N ha-
1
 would have been returned to the soil in the form of dung and urine. 

Although it was not measured in this experiment, previous research has shown that the 

effective rooting depth for bermudagrass pastures can be assumed to be in the top 30 cm of 

the soil profile (Hays, 1991). Immediately after removal of the hogs in fall 2009, NO3 levels 

in the upper 30 cm of the soil profile were 16, 29, 41, and 65 kg NO3 ha
-1

 for stocking rates 

of 37, 74, 111, and 148 hogs ha
-1

, respectively. Similarly, values of 69, 91, 105, and 85 kg 

NH4 ha-1 were detected in the top 30 cm for stocking rates of 37, 74, 111, and 148 hogs ha
-1

, 

respectively. Therefore, 14-34% of the total N returned to the field in the form of dung and 

urine was found in the effective rooting zone. It can be concluded that the remaining 66-86% 

was lost to the surrounding environment, beyond the ability of the forage to recover it.  

Eriksen, et al. (2002) measured major pathways for N in PHPS and found that, of the N input 

from feed to the experimental area, 44% could be accounted for in piglets, 13% as NH3 

volatilization, 8% as denitrification and 16 to 35% as NO3 leaching. Worthington and Danks 

(1992) estimated lower levels of N removed with sows and fattening hogs with an estimation 

of 25% of total N input. The amount of N lost through these systems can vary greatly based 

on ambient conditions and management decisions. This nutrient budget is also assuming that 

no N is lost to erosion or surface water drainage, which can be a very real threat in areas were 

swine are kept for extended periods of time at high  (> 40 head ha
-1

) stocking rates and 

allowed to destroy existing vegetative cover (Butler, 2006). 
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 The increase in soil NO3 levels with stocking rate shows that the danger of 

environmental degradation may increase with higher concentrations of hogs per unit area. 

The effective rooting zone of the bermudagrass ground cover present during hog occupation 

can be estimated to be ≤ 30 cm based on evidence from Adeli et al., (2003) and Hays, (1991). 

Inorganic N levels indicate that there was a large amount of leaching to levels below the 

bermudagrass rooting zone which may indicates that inorganic N was in excess of the ability 

of the bermudagrass to remove them. Soil inorganic N levels of 48, 77, 105, and 99 kg ha-1 

were respectively measured in the 30 – 90 cm soil profile at the stocking rates of 37, 74, 111 

and 148 hogs ha
-1

. While nutrient inputs may have been higher in pastures with higher 

stocking rates, the ability of the bermudagrass to recover nutrients was likely impaired by the 

lower percent ground cover found in pastures with higher stocking rates P<. Higher stocking 

rates are generally expected to be correlated with higher soil nutrient levels (Williams et al., 

2000), and a reduction in stocking rate may prevent environmental degradation often 

associated with PHPS (Eriksen and Kristensen, 2001). Nevertheless, this may not be an 

economically feasible alternative for small farmers needing to maximize output, and research 

indicates that high stocking rates may not cause adverse pasture conditions until some critical 

percentage of ground cover has been removed (Williams et al., 2000; Rachuonyo and 

McGlone, 2006). The degree of environmental degradation associated with PHPS is 

dependent on a wide range of factors including feed nutrient concentrations, soil type, soil 

moisture, length of time on pasture, nose ringing and percent ground cover. Rachuonyo et al. 

(2002) compared soil nutrient levels between pastures stocked at 17.5 or 35 head ha
-1

 and 

found that ground cover deteriorated rapidly in the spring, especially with the higher stocking 

rate, but recovered rapidly when the hogs were removed. They expected to find higher NO3 
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levels with the higher stocking rate but instead noticed a general trend with both stocking 

rates for NO3 levels to increase slightly. This is most likely because the percent ground cover 

measurements never dropped below 83% and the forage aided in nutrient uptake and 

retention. Williams et al. (2000) found similar results noting that stocking rate, and therefore 

N input, had little effect on the amount of N leaching compared to the effect of percent 

ground cover. Other studies have mentioned that when considering stocking rate, maintaining 

some critical level of ground cover is essential to prevent soil erosion (Butler et al., 2006; 

Butler et al., 2007), aid in retention, uptake and removal of nutrients of concern (Jaindl et 

al,.1991; Kariuki et al.. 2010), and supplement the swine diet (Sundrum, 2001). High 

stocking rate without frequent rotation is associated with the loss of ground cover, which has 

been shown to cause increased soil erosion/loss of topsoil (Butler, 2006; Butler, 2007), and 

nutrient leaching into ground water (Butler et al., 2008) because bare soils are more prone to 

leaching of nutrients of concern such as N and P (Eriksen et al., 2006). 

 Ammonia loss with swine occupation. It is interesting that soil NH4 levels decreased 

with swine occupation, because it is assumed that the swine would have been adding 

inorganic N to the system with manure and dung. The large amount of soil disturbance from 

both hog rooting, soil movement, and seeding machinery would have sped the mineralization 

process and may explain why soil NH4 levels dropped with the rise in soil NO3. Mean 

inorganic N levels transitioned from being predominantly 65% NO3 in the top 15 cm soil 

profile to predominantly 65% NH4 in the 60-90 cm soil profile. Nitrifying bacteria which 

carry out the oxidation process which converts NH4 to NO3 generally reside in more shallow 

parts of the soil profile where O2 is more prevalent, so the conversion of NH4 to NO3 was 

likely slower at deeper depths, resulting in higher levels of NH4 at deeper depths. 
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 Bray-1 soil phosphorus with swine occupation. It is interesting to note that soil P 

was largely unaffected by swine occupation at any stocking rate, although insignificant 

increases in mean P values, averaged across all pastures, were observed. Based on feed 

analysis, and assuming that 7% P content in the animal carcass (Gibson et al., 2002; Ball et 

al., 2007) there was approximately 49, 95, 146, and 202 kg ha
-1

 P incorporated into the 

pasture in the form of dung, urine, and spilled feed at stocking rates of 37, 74, 111, and 148 

hogs ha
-1

,respectively.  The lack of differences in B-1 soil P may have been a result of 

available P being rapidly immobilized and bound to the soil profile; however there likely 

would have been a change in TKP (Figure 10) with swine occupation or stocking rate if this 

were the case. Another possibility is that the soil cation exchange capacity (CEC) was 

completely saturated and was no longer able to retain the additional P inputs. This is 

plausible because the soil is very sandy and has a long history of manure application. 

However, if this were the case a larger quantity would have likely been noted in the lowest 

(60-90 cm) soil profile. It must therefore be considered that there was a considerable amount 

of soil erosion which would have removed P bound to soil molecules from the experimental 

area. The absence of plant roots due to ground cover removal by hogs would have increased 

the absorption of P into the soil profile, and the subsequent risk of P loss through erosion. As 

noted above, stocking rate was strongly correlated with loss of ground cover, which may also 

explain why, due to soil erosion and subsequent loss of soil P, there was no effect of stocking 

rate on soil P. High loss of ground cover from swine rooting and trampling has also been 

noted by several authors, including Eriksen (2006), Dourmad (1999), and Williams (2000).   

 Unintended P losses from pasture systems are generally in the form of runoff and 

erosion from exposed soils where P is bound to soil molecules that leave the system (Butler 
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et al., 2006; Eriksen, 2006). There is evidence that, as manure is deposited on the soil surface 

without incorporation into the soil, surface P can accumulate and lower P absorption on the 

soil surface compared to deeper in the soil profile (Magdoff, 2009). With higher 

concentrations of P in the soil surface there is greater risk of loss of P through erosion or 

leaching.   

 Spring forage and soil sampling. The average DM biomass yield of the cereal 

rye/ryegrass mixture was slightly above average for the southeastern U.S. (Ball et al., 2007) 

and showed no sign of N deficiency, even with no supplemental fertilization. Forage was 

harvested at the late boot/early seed head stage, resulting in a forage with a higher proportion 

of cellulose, hemicellulose and lignin and ultimately high ADF (Ball et al., 2007). Therefore, 

whereas the yield and uptake values were good for the southeastern U.S., the hay from these 

fields may not have been a valuable source of feed. Table 5 shows nutrient information for 

the rye/ryegrass hay.  

 The size of effective rooting depth or area of maximum nutrient uptake of a catch 

crop will generally have a significant effect on its ability to mine soil nutrients and prevent 

leaching, with deeper rooted crops being more effective at preventing nutrient leaching (Vos 

et al., 1998). Studies have shown that crops differ in their ability to penetrate deep into the 

soil and mine nutrients of concern (Thorup-Kristensen, 2001) and have variable levels of 

uptake efficiency (Lainé et al., 1993). Italian ryegrass and cereal rye have both been shown to 

have deep rooting systems, which, according to Thorup-Kristensen (2001), enabled them to 

remove soil nutrients from up to 1.5 m deep in the soil profile. Nevertheless, in this study 

root counts taken at the time of soil sampling showed that 90% of the forage roots could be 
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found upper 30 cm of the soil profile, a finding that has also been observed in other studies 

(Lodge and Murphy, 2006). 

 The lack of difference between stocking rates for forage yield, and forage tissue NO3, 

total N, or P indicate that soil nutrient levels were in excess of the rye/ryegrass growth 

requirements at all stocking rates. Mean forage N concentrations across treatments (Table 2) 

were 9.6 g kg
-1

, which is similar to results reported by McCracken et al. (1994) who also 

found similar concentrations for cereal rye harvested for hay. When averaged across 

treatments, the rye/ryegrass mixture took up 49 kg total N ha
-1

.  Soil inorganic N 

concentrations in the top 30 cm immediately after hog occupation were 39, 60, 77, and 93 kg 

ha-1, but actually increased to 56, 72, 65, and 74 kg ha
-1

 after the rye harvest. It is important 

to note that these levels are entirely NH4, and there was no NO3 detected in the top 30 cm of 

the soil profile at this time. Other authors have found similar increases in soil NH4 due to 

mineralization of organically bound soil N (Constantin et al., 2011; Torstensson and 

Aronsson, 2000), which may have increased with soil disturbance associated with seedbed 

preparation. The only detectable amounts of soil NO3 (15-27 kg ha
-1

) were found at the 

highest stocking rates (111 and 148 hogs ha
-1

) and at the deepest depths (30-90 cm), which 

indicates that soil NO3 in excess of plant needs was leaching to deeper parts of the soil 

profile. It can therefore be concluded that the rye/ryegrass was very effective at capturing and 

removing NO3 within its rooting zone, but that NH4 may not have been readily taken up.  

 Low root counts observed in the >30 cm soil profile are a concern because, when 

averaged across stocking rates, there was a mean value of 36 kg ha
-1

 of NO3 measured at the 

30-90 cm depth of the soil profile immediately after hogs were removed from the 

experimental plots. As the soil had a high sand concentration (50-60%; NRCS, 2010) and the 
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forage had very few roots and therefore little ability to retain nutrients at this depth, the NO3 

could have leached downward, eventually reaching groundwater and causing a potential for 

contamination. Federal regulations state that well water NO3 levels cannot be higher than 10 

ppm (Environmental Protection Agency, 2009), and it is difficult to tell from the context of 

this experiment whether or not 36 kg ha
-1

 in the soil at this depth are a cause for concern, but 

is reasonable to suspect that NO3 could reach ground water in this system.     

Phosphorus uptake and soil phosphorus levels. Spring-harvested rye/ryegrass forage 

tissue contained an average of 0.96% of DM as P (2.3 g P kg
-1

), and took up an average of 74 

kg ha
-1

 which was slightly above average (approximately 0.8%) for a rye hay crop in North 

Carolina (Osmond, 2008). Nevertheless, the rye/ryegrass hay harvest still only took up about 

2% of the available P measured in the top 30 cm of the soil profile. Novak and Chan (2002) 

defined a hyperaccumulator of soil P to be any species that absorbs ≥ 0.8% DM as P. Both 

cereal rye and ryegrass have been shown to be very effective at the uptake of soil P (Read et 

al, 2009; Osborne and Rengel, 2002; Delorme et al., 2000; Read et al,. 2007) with uptake 

values ranging from 0.5 to 1%. Sharma and Sahi (2005) and Sharma et al. (2004) found P 

concentration of up to 2% DM with annual ryegrass grown in greenhouse conditions. Hence, 

it is very interesting that soil P levels measured after the rye/ryegrass harvest in April, 2010 

had actually increased to almost twice the levels detected immediately after hog removal in 

July of 2009. This was not expected because it is assumed that forage uptake, along with 

other natural processes such as soil erosion and leaching, would lower the amount of P 

present in the pasture system.  Research has consistently found that with the cessation of 

manure application and subsequent removal of forage crops, P levels begin to decline (Read 

et al. 2009; Starnes et al., 2008b). This would have been especially true for this pasture 
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system, which may not have been able to retain nutrients due to its soil texture. However, a 

similar increase in soil P was noted in a study by Kratochvil et al. (2006) with corn harvested 

for grain, who could not explain the increase through any measured variable (pH and CEC) 

that may change the measured level of soil P levels. The latter authors suggested that roots 

may have mined available P from depths beyond what they measured in their soil testing, 

which was left to be incorporated into the soil surface when the stover was left after the grain 

harvest. The same authors also noted that soil P did not decrease in plots receiving no 

additional P and/or having P removed with crop harvests. This situation is unique to the 

current study because the vast majority of plant material was removed from the system, and 

research has shown that harvested grain removes much less P than harvested forage 

(Kratochvil and Miller, 2000). Eriksen and Kristensen (2001) also noted an increase of 85 to 

92 mg P kg
-1

 soil after the removal of hogs, citing the immobility of P in the soil profile as 

the cause. Additionally, it is important to consider that research has shown a 1:1 ratio 

between P concentrations of roots to shoots in ryegrass (Sharma and Sahi, 2005; Sharma et 

al., 2004). It is possible that with the harvesting of the above ground biomass and subsequent 

death of its rooting system, a significant quantity of P was released back into the top 30 cm 

of the soil profile. (McLaughlin et al., 2005) found an increase in soil P similar to the 

increase noted in this experiment and hypothesized that dying roots released P back into the 

soil.  

 Soil pH has the greatest influence on the solubility of P in soil (Havlin et al., 2005). 

Read et al. (2009) and Sharma and Sahi (2005) both found that a decrease in soil pH caused a 

significant decrease in P uptake by ryegrass. Soil pH was not measured after the 

implementation of the experiment, but due to the course of actions taken on the pastures it is 
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unlikely that there was any appreciable change in soil pH. Another consideration is that 

smoothing the soil after swine occupation in the pastures to allow for seeding machinery to 

move through the pasture may have had an effect on P mineralization. The increase in 

oxygen and moisture to deeper layers of soil would have increased soil microbe activity, and 

therefore more P would have been mineralized into an inorganic form (Busman et al., 2002), 

causing soil P levels to increase by April, 2010 (date 3).  

 Soil penetration resistance.  The fact that soil penetration resistance was not affected 

by stocking rate, but was affected by depth may be due to the fact that bulk density sampling 

was carried out following field preparation for crop planting, including disking and 

smoothing of the field. Additionally, root numbers across all treatments were higher (P<0.05) 

in the top 15cm of the profile which may have loosened the soil. High sand concentration in 

the soil (50-75% sand) also may have prevented compaction, making it a desirable location 

for PSPS as long as N leaching is managed. The soil structure of a chosen area for PSPS will 

have inherent management implications and can have an important impact on the 

surrounding ecosystem. Zihlmann et al. (1997) found that high clay and silt soils (> 60% 

clay, > 40% silt) were more prone to compaction and degradation of soil structure in PHPS, 

and recommended that such soils only be used for PHPS in areas where precipitation remains 

low enough where the danger of compaction will remain minimal. The same authors 

recommended that sandy soils be utilized in areas of higher rainfall to avoid excessive 

compaction and structural degradation. However, sandy soils have much higher risk of N 

leaching, especially with high stocking rate nutrient deposition, due to large particle size, 

higher water infiltration rates, and generally lower nutrient binding capability. Quintern 
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(2006) found a low risk of N leaching which they attributed both to a high clay concentration 

capturing soil nutrients and a low stocking rate of 10 hogs ha
-1

. 

 Fall forage and soil sampling. The fact that stocking rate was not associated with 

forage nutrient levels until the October of 2010 sampling indicates that soil nutrient levels 

were beginning to be insufficient for plant growth. The sorghum harvest took up an average 

of 1% DM as P, which amounts to almost 3% of the P that could be considered available in 

the top 30 cm of the soil profile. The observed uptake values were slightly above the 0.8% 

estimated forage sorghum uptake levels in North Carolina by Osmond and Kang (2008), and 

were similar to those found by Ketterings et al. (2006). Observed biomass yield and N uptake 

were similar to values found by McLaughlin et al., (2004) in fields fertilized with swine 

effluent.   Mean P values in the top 30 cm of soil decreased by 109 kg ha
-1

 between April and 

October, and there was an average of 22 kg ha
-1

 taken up in the sorghum, which indicates 

forage uptake may have been responsible for about 20% of the total decrease in soil P. Soil P 

levels were still significantly higher than baseline samples before swine occupation, and it is 

possible that several years of hay harvests would be needed to return soil P levels to baseline 

levels.  

 It is interesting to note that the depth for the sorghum crop was measured to be the 

same as the rye/ryegrass as sorghum has also been shown to produce an extensive rooting 

system capable of removing nutrients deep into the soil profile. Sorghum has also been 

shown to effectively mine nutrients in high N and P soils (Ketterings et al., 2006; Sleugh et 

al., 2006a; Osmond and Kang, 2008). Robertson (1993) found that sorghum roots can reach 

190 cm and still take up nutrients. Stone (2001) found similar results for sorghum at 185 cm. 
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 While 0.1% P concentration in sorghum was considered high based on past P uptake 

performance of these forages in North Carolina (Osmond and Kang, 2008) and higher than 

results from Starnes (2007), studies have shown that uptake values (as a percent of DM) can 

be increased. Total P uptake by forages is directly related to DM yield (Rowe and 

Fairbrother, 2003; Pant et al., 2004). This may imply that supplemental N fertilization is 

necessary to maximize yield. However, (Ketterings et al. 2006) noted that supplemental N 

fertilization, while increasing yield, led to decreasing levels of P uptake in favor of N uptake. 

In addition to high nutrient uptake, forage sorghum is a good crop to use for uptake of high 

soil nutrient because it tends to allocate more P to above ground biomass production (Sleugh 

et al, 2006) where it can be cut and removed from the area. 

 Conclusions. Nutrient management associated with raising hogs on pasture presents a 

distinct set of challenges due to the nutritional requirements of swine and their innate 

behavior to root, wallow, and distribute waste in a heterogeneous manner. Small farmers 

should manage PHPS with an ecosystem perspective in mind and consider that most of the 

nutrients brought to the pasture need to be managed as closely as the hogs themselves to 

avoid environmental issues.  This research has shown that a stocking rate between 37 and 74 

hogs ha
-1

 may be the maximum number of hogs that a sandy soil type can support without 

serious concern of nutrient leaching. The use of a rye/ryegrass mixture can be very effective 

at the retention and uptake of nutrients, especially when followed by a summer annual crop 

such as forage sorghum. This study also presents evidence that N pools may be depleted 

quickly through the use of forage crops, but many years of hay production may be necessary 

for high soil P pastures to be lowered to environmentally acceptable levels.  
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 As feed and N costs continue to rise, small farmers must maximize the efficiency and 

use of expensive imports to remain competitive in the market. The rotation of pastures and 

incorporation of catch crops can be very effective at capturing nutrients of concern such as N 

and exporting them from the pasture system in a potentially profitable manner. While small 

farmers may favor sandy soils for PHPS due to greater resistance to soil compaction, extreme 

care is needed to ensure that nutrients are not leaching through the soil profile and into 

ground water. Perhaps the most effective way to avoid nutrients of concern in public 

waterways is to maintain a high percentage of ground cover during hog occupation. This may 

infer that pastures should be sown with forage species known more for durability and 

resistance to treading instead of nutritional quality. Farm profitability must also be 

considered because current animal feed and N fertilizer prices represent the major proportion 

of production costs for the pastured swine farmer (Lee Menius, personal communication). 

Small farmers should aim at maximizing N use efficiency to get the highest return out of 

their initial investment for their operations to remain profitable. It is therefore imperative that 

N brought onto the farm either remains in the pasture or be exported in the most profitable 

manner possible.  
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Figure 1. 

Monthly rainfall during the investigation compared to 30 year average monthly rainfall 

for the experimental area in Goldsboro, North Carolina.   
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Figure 2.  

Average monthly temperatures during the investigation vs. 30 year average monthly 

temperatures at the experimental area in Goldsboro, North Carolina.  
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Figure 3. 

Relative location of the 9 soil sampling points in each plot. Distances between samples were 

proportional to the size of the plot. Soil sampling took place in June 2008, July 2009, April 

2010, and October 2010. Root counts were taken from the soil samples at these locations 

during April 2010 and October 2010 samplings.   

 

 

 

 

 

1* 

4* 

2* 

3* 

8* 

 

9* 

 

7* 

 
6* 

 

 

 

  
5* 

 



 

54 

    

 

    

 

    

 

    

 

     

Figure 4. 

Site of soil penetrometer readings in each plot. Distance between sampling 

sites was relative to the size of each plot. Readings were taken to a depth of 90 

cm at each site.  
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Figure 5. 

Experimental units were pastures which each held 5 hogs. The pastures were sized to 

replicate treatments (stocking rates) of 37, 74, 111, 148 pigs ha
-1

. Each treatment was 

replicated 3 times in a random complete block design, blocked according to soil type and 

slope.  
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Figure 6.  

Root numbers counted in soil core samples by soil depth for April and October 2010 soil 

sampling dates. As there were no differences (P>0.5) values were averaged over stocking 

rates. Values with different superscripts differed (P<0.05).      
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Figure 7. 

Mean soil penetration resistance values by depth. Values were averaged across stocking rates 

due to lack of difference (P=0.6). Values followed by different superscripts were different 

(P=0.003). Penetration resistance values at all depths indicated that roots would not have 

been impeded from growth by soil.  
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Figure 8.   

Soil inorganic N (KCl extracted) by depth, stocking rate (hogs ha-1) and sampling date (2008 June: 

before swine occupation; 2009 July: following 2 cycles of swine occupation; 2010 April: following 

cereal rye/annual ryegrass forage harvest; 2010 October: following forage sorghum harvest). 
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 Figure 9. 

Bray 1 soil P by depth, stocking rate (hogs ha
-1

) and sampling date (2008 June: before swine 

occupation; 2009 July: following 2 cycles of swine occupation; 2010 April: following cereal 

rye/annual ryegrass forage harvest; 2010 October: following forage sorghum harvest). 
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Figure 10. 

Comparison of Bray 1 and Total Kjeldahl soil phosphorus before swine occupation 

(2008 June) and following 2 cycles of swine occupation (2009 July). There were no 

changes in either Bray 1 P or total Kjehldahl P during swine occupation. High baseline 

levels are explained by the pasture’s long history of animal occupation prior to the 

experiment.  
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Figure 11. 

Mean percent ground cover measured in August 2009 in pastures with different hog stocking 

rates following 2 cycles of swine occupation.  Percent ground cover measured along transects 

using the “point step method”. Values with different superscripts differed (p<0.05)   
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Tables 

 

Table 1. 

Schedule of field operations. Field operations prior to October 1, 2009 were conducted by 

other researchers. 

Measurements taken Date taken Description 

Baseline soil data: soil 

sampling # 1 

June 8, 2008 Taken to depth of 90 cm. Averaged at 0-15 cm, 

15-30 cm, 30-60 cm, 60-90 cm. 

Hog fattening 

occupation #1 

June- August, 

2008 

2.9 kg daily feed intake. 18.4 and 118.5 kg initial 

and final body weight, respectively 

Hog fattening 

occupation #2 

May- July, 

2009 

2.9 kg daily feed intake. 18.4 and 118.5 kg initial 

and final body weight, respectively 

Post hog occupation soil 

data: soil sampling # 2 

July 27, 2009 Taken to depth of 90 cm. Averaged at 0-15 cm, 

15-30 cm, 30-60 cm, 60-90 cm. 

Ground cover 

measurements 

August, 2009 Point step method along transects. Percent ground 

cover represents amount of live grass compared to 

dead material or soil.  

Field prep for seeding August- 

September, 

2009 

Leveled out wallow areas, sprayed remaining 

bermudagrass with 2,4-D. 

Rye/ryegrass planting October 1, 

2009 
cereal rye var. Abruzzi (Secale cereale L.) and 

annual ryegrass var. Marshall (Lolium multiflorum 

L.) seeder at 28 kg ha
-1

 to a depth of 1.27 cm 

Soil penetration 

resistance 

April 7, 2010 Resistance measurements taken to 90 cm with 

Delmi soil penetrometer 

Cereal rye/ryegrass 

biomass sampling 

April 21, 2010 0.5 m
2
 quadrants used to take samples for biomass 

yield estimation and nutrient composition 

analyses. 

Soil sampling #3 May 5, 2010 Taken to depth of 90 cm.  Averaged at 0-15 cm, 

15-30 cm, 30-60 cm, 60-90 cm. 

Rye/ryegrass root count May 5, 2010 Roots counted 3 times at each soil sampling depth 

on the transverse side of the soil core.  
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Table 1. (continued) 

Sorghum planting April 30, 2010 Soghum sudan hybrid planted to 1.3 cm with no-

till drill at 20.5 kg/ha 

Sorghum harvest 1 July 20, 2010 Total plot harvested as hay in round bales. Bales 

were weighed and cored 5 times to the center for 

nutrient composition analyses.  

Sorghum harvest 2 September 15, 

2010 

Total plot harvested baled in round bales. Bales 

were cored 5 times to the same as above. 

Soil sampling #4 and 

root count  

October 13, 

2010 

Taken to depth of 90 cm.  Averaged at 0-15 cm, 

15-30 cm, 30-60 cm, 60-90 cm. 

Sorghum root count October 13, 

2010 

Roots counted 3 times at each soil sampling depth 

on the transverse side of the soil core.  
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Table 2.  

Biomass yield and nutrient uptake by a spring harvested rye/ryegrass mixture and fall 

harvested forage sorghum on pastures with histories of different stocking rates following 

2 cycles of swine occupation.   

Cereal rye/annual ryegrass nutrient levels-Spring 2010 

 

Stocking rate 

(no. hogs ha
-1

)  
P- value 

a
 

Item , kg 

ha
-1

 
37 74 111 148 SE L Q C 

Biomass 

yield 
4294 5102 4768 5446 97 ns ns ns 

Forage 

NO3 
1.2 1.5 2.4 4.2 2.6 ns ns ns 

Forage 

total N 
40.2 46.5 45.5 65.2 15 ns ns ns 

Forage P 10.2 11.2 11.2 13 2 ns ns ns 

Forage sorghum nutrient levels- Fall 2010 

 
Stocking rate 

(no. hogs ha
-1

)  
P- value 

a
 

Item , kg 

ha
-1

 
37 74 111 148 SE L Q C 

Biomass 

yield 
4149 5544 6201 8739 100 0.069 ns ns 

Forage 

NO3 
2 4 10 11 2.4 0.02 ns ns 

Forage 

total N 
64 75 79 94 8.3 0.038 ns ns 

Forage P 20 24 21 25 1.3 0.079 ns 0.1 

a 
L = Linear, Q = quadratic and C = cubic effects of stocking rate. 

SE = Standard error from the statistical model. 
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Table 3. 

Soil nutrient levels based on stocking rate, depth and date of sampling (2008 June: before 

swine occupation; 2009 July: following 2 cycles of swine occupation; 2010 April: 

following harvest of cereal rye/annual ryegrass forage; 2010 October: following harvest of 

forage sorghum). 

Stocking rate 

(hogs ha
-1

) 

 NO3 (kg/ha) NH4 (kg/ha) PO4 (kg/ha) 

  Soil Depth (cm)   

15 30 60 90 15 30 60 90 15 30 60 90 

 
  June, 2008   

37 1 0 0 0 15 28 19 24 259 322 232 106 

74 1 0 0 0 29 12 29 38 243 270 189 37 

111 1 2 4 4 14 20 23 20 200 230 147 88 

148 1 0 5 6 18 12 30 13 235 262 199 108 

 
  July, 2009   

37 9 7 10 7 13 10 16 15 232 226 199 124 

74 17 12 19 12 18 13 24 22 236 272 321 155 

111 24 18 27 14 19 16 33 31 261 274 231 144 

148 32 33 42 16 17 12 20 21 343 270 207 123 

 
  April, 2010   

37 0 0 0 2 6 12 10 15 685 569 577 334 

74 0 0 1 0 8 16 10 15 433 411 414 173 

111 0 0 3 14 8 14 17 23 414 369 226 109 

148 0 0 10 16 8 16 10 23 613 446 286 198 

 
  October, 2010   

37 0 3 0 0 5 8 6 6 503 386 291 136 

74 2 3 2 1 7 12 10 8 380 433 370 123 

111 1 5 2 3 5 11 6 7 349 380 238 107 

148 1 4 2 2 10 18 19 12 501 572 406 179 

 

 

 

 

 



 

66 

 

 

 

 

 

 

Table 4. 

Nutrient levels of feed fed to hogs on a daily basis during the 

second cycle of swine occupation.  

 

Nutrient Concentrate 

Crude Protein, % 18.49 

Total N,  % 2.96 

Acid Detergent Fiber % 4.18 

Crude fat % 4.66 

Calcium % 1.04 

Phosphorus % 0.64 

Sulfer % 0.22 

Magnesium % 0.17 

Sodium % 0.23 

Potassium % 0.82 

Copper 

(ppm) 
19 

Iron 

(ppm) 
293 

Manganese 

(ppm) 
58 

Zinc 

(ppm) 
167 

Aflatoxin, ppb 27 

ash % 5.05 

Natural Detergent fiber, % 7.96 

Non-fiber carbohydrate % 63.84 
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Table 5. 

Nutrient removal with forage harvest based on dry matter (DM) yield and nutrient 

concentration following 2 cycles of swine occupation.  

Harvest date April 15, 2010 October 13, 2010 

Crop Rye/ryegrass  Forage Sorghum 

Stocking rate 37 74 111 148 37 74 111 148 

DM yield 

(kg/ha) 
4305 5177 4784 5787 6166 6697 6625 7900 

Crude Protein 

(kg/ha) 
251 291 285 407 403 465 492 584 

Total N 

(kg/ha) 
40 47 46 65 64 74 79 93 

Unavailable 

Protein 

(kg/ha) 

53 55 53 61 61 65 61 80 

Adj Crude 

Protein 

(kg/ha) 

223 264 261 387 381 447 479 560 

Nitrate Ion 

(kg/ha) 
1 1 2 4 4 2 10 10 

Acid 

Detergent 

Fiber (kg/ha) 

1971 2401 2151 2672 2031 2265 2189 2658 

Calcium 

(kg/ha) 
8 9 8 12 23 24 31 173 

Phosphorus 

(kg/ha) 
10 11 11 13 20 24 21 25 

Sulfur (kg/ha) 4 4 4 6 8 11 10 10 

Magnesium 

(kg/ha) 
4 5 4 6 17 19 19 26 

Potassium 

(kg/ha) 
60 71 67 95 117 128 131 155 

Iron (kg/ha) 0 0 0 0 1 1 1 1 
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APPENDIX A. 

Soil data.  
D

at
e

 

R
e

p
 

# 
P

ig
s 

D
e

p
th

 

N
O

3
-

(k
g/

h
a)

 

N
H

4
 

(k
g/

h
a)

 

In
o

rg
an

ic
 

N
 

P
O

4 
(k

g/
h

a)
 

ro
o

t 

co
u

n
t 

kP
A

 

TK
P

   
 

(k
g/

h
a)

 

2008 
June 

1 37 15.2 3.0 11.6 14.6 139.5 . . 936.5 

2008 
June 

1 37 30.5 0.0 11.8 11.8 286.5 . . 739.5 

2008 
June 

1 37 60.9 0.8 19.8 20.6 125.8 . . 5766.0 

2008 
June 

1 37 91.4 0.0 25.7 25.7 17.1 . . 276.2 

2008 
June 

1 74 15.2 3.2 11.8 15.1 173.3 . . 868.3 

2008 
June 

1 74 30.5 0.0 10.2 10.2 189.1 . . 765.2 

2008 
June 

1 74 60.9 0.0 20.4 20.4 152.6 . . 733.1 

2008 
June 

1 74 91.4 0.0 13.7 13.7 12.2 . . 176.4 

2008 
June 

1 111 15.2 3.4 14.1 17.5 171.2 . . 637.0 

2008 
June 

1 111 30.5 4.1 16.4 20.5 178.2 . . 648.1 

2008 
June 

1 111 60.9 9.4 14.5 23.8 11.4 . . 253.4 

2008 
June 

1 111 91.4 12.0 13.2 25.2 11.4 . . 299.6 

2008 
June 

1 148 15.2 3.9 20.5 24.4 205.7 . . 886.3 

2008 
June 

1 148 30.5 0.0 9.8 9.8 207.5 . . 965.9 

2008 
June 

1 148 60.9 14.4 28.2 42.6 47.3 . . 485.8 

2008 
June 

1 148 91.4 19.4 12.4 31.9 34.1 . . 278.1 

2008 
June 

2 37 15.2 0.0 15.7 15.7 270.5 . . 896.4 

2008 
June 

2 37 30.5 0.0 59.3 59.3 195.2 . . 646.8 

2008 
June 

2 37 60.9 0.0 19.4 19.4 43.5 . . 451.4 

2008 
June 

2 37 91.4 0.0 22.3 22.3 12.5 . . 177.9 
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2008 
June 

2 74 15.2 0.0 58.2 58.2 245.3 . . 876.9 

2008 
June 

2 74 30.5 0.0 15.4 15.4 291.3 . . 1007.0 

2008 
June 

2 74 60.9 0.0 36.2 36.2 178.4 . . 463.5 

2008 
June 

2 74 91.4 0.0 64.4 64.4 17.7 . . 175.1 

2008 
June 

2 111 15.2 0.0 18.2 18.2 174.7 . . 113.6 

2008 
June 

2 111 30.5 1.1 26.1 27.2 220.4 . . 886.3 

2008 
June 

2 111 60.9 1.8 19.2 21.0 121.2 . . 1713.6 

2008 
June 

2 111 91.4 0.0 30.1 30.1 24.1 . . 504.3 

2008 
June 

2 148 15.2 0.5 25.4 25.9 181.8 . . 921.4 

2008 
June 

2 148 30.5 0.0 13.4 13.4 171.5 . . 784.9 

2008 
June 

2 148 60.9 0.5 37.9 38.3 19.2 . . 1659.4 

2008 
June 

2 148 91.4 0.0 14.9 14.9 2.7 . . 297.7 

2008 
June 

3 37 15.2 0.0 16.3 16.3 366.0 . . 1051.3 

2008 
June 

3 37 30.5 0.0 11.7 11.7 483.1 . . 1472.6 

2008 
June 

3 37 60.9 0.0 17.6 17.6 526.2 . . 931.5 

2008 
June 

3 37 91.4 0.0 22.7 22.7 287.1 . . 583.2 

2008 
June 

3 74 15.2 0.0 16.9 16.9 310.4 . . 919.3 

2008 
June 

3 74 30.5 0.0 10.6 10.6 330.9 . . 169.0 

2008 
June 

3 74 60.9 0.0 29.0 29.0 237.2 . . 679.7 

2008 
June 

3 74 91.4 0.0 36.3 36.3 80.0 . . 386.9 

2008 
June 

3 111 15.2 0.0 8.2 8.2 254.1 . . 1068.8 

2008 
June 

3 111 30.5 0.0 18.4 18.4 291.1 . . 828.8 

2008 
June 

3 111 60.9 0.0 34.7 34.7 309.4 . . 715.5 

2008 3 111 91.4 0.0 16.7 16.7 229.3 . . 429.3 



 

71 

June 

2008 
June 

3 148 15.2 0.0 8.5 8.5 318.1 . . 1290.9 

2008 
June 

3 148 30.5 0.0 13.0 13.0 407.4 . . 1018.1 

2008 
June 

3 148 60.9 1.3 25.3 26.6 529.5 . . 2025.0 

2008 
June 

3 148 91.4 0.0 12.4 12.4 287.7 . . 813.8 

2009 
July 

1 37 15.2 7.8 9.3 17.1 275.7 . . 650.9 

2009 
July 

1 37 30.5 8.5 6.0 14.5 202.9 . . 369.5 

2009 
July 

1 37 60.9 15.7 12.6 28.3 25.0 . . 202.4 

2009 
July 

1 37 91.4 10.6 8.3 19.0 12.1 . . 163.4 

2009 
July 

1 74 15.2 33.3 16.7 50.0 237.3 . . 820.4 

2009 
July 

1 74 30.5 22.5 13.4 35.8 253.4 . . 699.1 

2009 
July 

1 74 60.9 36.3 25.5 61.8 273.9 . . 376.7 

2009 
July 

1 74 91.4 21.5 25.1 46.6 139.7 . . 581.2 

2009 
July 

1 111 15.2 45.4 14.6 60.0 296.7 . . 1316.1 

2009 
July 

1 111 30.5 22.7 16.2 38.9 244.0 . . 1404.9 

2009 
July 

1 111 60.9 21.3 37.4 58.7 102.5 . . 1330.5 

2009 
July 

1 111 91.4 13.1 26.7 39.8 43.9 . . 996.9 

2009 
July 

1 148 15.2 67.8 18.2 86.0 213.0 . . 1104.9 

2009 
July 

1 148 30.5 60.9 14.2 75.1 114.6 . . 783.0 

2009 
July 

1 148 60.9 78.7 24.5 103.2 34.5 . . 331.6 

2009 
July 

1 148 91.4 19.7 25.3 45.0 36.2 . . 313.5 

2009 
July 

2 37 15.2 16.0 12.9 28.9 81.2 . . 1133.4 

2009 
July 

2 37 30.5 10.4 11.5 21.9 93.5 . . 776.4 

2009 
July 

2 37 60.9 11.7 18.9 30.6 175.6 . . 314.6 
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2009 
July 

2 37 91.4 7.2 19.1 26.3 88.6 . . 245.9 

2009 
July 

2 74 15.2 18.2 13.4 31.6 174.3 . . 1274.9 

2009 
July 

2 74 30.5 13.5 11.9 25.4 144.2 . . 923.4 

2009 
July 

2 74 60.9 20.2 18.8 39.0 145.2 . . 670.3 

2009 
July 

2 74 91.4 9.3 16.0 25.3 47.6 . . 280.7 

2009 
July 

2 111 15.2 25.3 20.6 45.9 183.4 . . 1094.7 

2009 
July 

2 111 30.5 30.6 16.5 47.1 152.8 . . 881.4 

2009 
July 

2 111 60.9 57.0 38.3 95.3 111.1 . . 539.8 

2009 
July 

2 111 91.4 22.6 39.8 62.4 17.0 . . 209.1 

2009 
July 

2 148 15.2 27.5 14.9 42.4 392.4 . . 739.9 

2009 
July 

2 148 30.5 36.3 11.3 47.6 305.6 . . 652.2 

2009 
July 

2 148 60.9 43.6 19.2 62.7 43.8 . . 350.3 

2009 
July 

2 148 91.4 25.8 20.6 46.4 11.2 . . 221.0 

2009 
July 

3 37 15.2 3.2 15.9 19.1 340.3 . . 1672.5 

2009 
July 

3 37 30.5 0.8 13.9 14.7 380.1 . . 1385.8 

2009 
July 

3 37 60.9 1.7 15.2 16.9 396.2 . . 1491.6 

2009 
July 

3 37 91.4 2.2 17.8 20.0 271.7 . . 905.6 

2009 
July 

3 74 15.2 0.6 23.1 23.6 297.5 . . 1084.7 

2009 
July 

3 74 30.5 0.3 12.9 13.2 418.8 . . 979.0 

2009 
July 

3 74 60.9 1.6 29.1 30.6 542.8 . . 1516.4 

2009 
July 

3 74 91.4 4.8 24.7 29.5 278.5 . . 829.8 

2009 
July 

3 111 15.2 1.7 22.0 23.7 301.9 . . 988.6 

2009 
July 

3 111 30.5 0.5 15.6 16.2 426.4 . . 1222.7 

2009 3 111 60.9 2.1 23.7 25.8 480.5 . . 1076.5 
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July 

2009 
July 

3 111 91.4 6.8 26.3 33.0 371.3 . . 728.6 

2009 
July 

3 148 15.2 1.7 16.9 18.6 422.7 . . 1097.4 

2009 
July 

3 148 30.5 0.9 9.8 10.7 389.2 . . 982.6 

2009 
July 

3 148 60.9 3.5 16.1 19.6 543.0 . . 1021.5 

2009 
July 

3 148 91.4 1.5 17.4 18.9 320.7 . . 618.0 

2010 
April 

1 37 15.2 0.0 4.6 4.6 314.9 9.0 1814.2 . 

2010 
April 

1 37 30.5 0.0 15.9 15.9 276.8 2.1 3522.8 . 

2010 
April 

1 37 60.9 0.0 9.5 9.5 67.2 1.1 3213.6 . 

2010 
April 

1 37 91.4 5.8 19.1 24.9 13.2 0.8 2870.0 . 

2010 
April 

1 74 15.2 0.0 13.5 13.5 303.7 7.7 2126.6 . 

2010 
April 

1 74 30.5 0.0 22.8 22.8 285.7 1.6 3440.9 . 

2010 
April 

1 74 60.9 1.6 17.3 18.9 227.5 0.6 2984.2 . 

2010 
April 

1 74 91.4 0.0 24.5 24.5 106.0 0.3 2754.7 . 

2010 
April 

1 111 15.2 0.0 7.5 7.5 258.8 7.7 2186.9 . 

2010 
April 

1 111 30.5 0.0 13.2 13.2 168.1 1.1 4121.8 . 

2010 
April 

1 111 60.9 8.4 14.0 22.4 38.8 0.3 3438.8 . 

2010 
April 

1 111 91.4 34.0 25.5 59.5 10.3 0.0 3756.6 . 

2010 
April 

1 148 15.2 0.0 8.8 8.8 425.8 8.9 2880.7 . 

2010 
April 

1 148 30.5 0.4 15.2 15.6 217.4 2.0 3925.7 . 

2010 
April 

1 148 60.9 16.1 12.7 28.9 38.8 0.4 2839.8 . 

2010 
April 

1 148 91.4 34.8 34.9 69.7 49.1 0.6 2685.7 . 

2010 
April 

2 37 15.2 0.0 6.3 6.3 831.4 8.0 2447.7 . 

2010 
April 

2 37 30.5 0.1 10.6 10.7 614.1 2.0 3363.4 . 
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2010 
April 

2 37 60.9 0.0 7.4 7.4 757.6 0.4 3082.2 . 

2010 
April 

2 37 91.4 0.0 14.6 14.6 429.2 0.6 3463.6 . 

2010 
April 

2 74 15.2 0.0 5.9 5.9 330.6 7.6 1831.4 . 

2010 
April 

2 74 30.5 0.0 12.8 12.8 358.6 2.1 3361.2 . 

2010 
April 

2 74 60.9 0.0 6.2 6.2 312.9 0.9 3919.3 . 

2010 
April 

2 74 91.4 0.0 9.6 9.6 82.7 0.2 3463.6 . 

2010 
April 

2 111 15.2 0.0 5.5 5.5 376.5 7.0 1736.6 . 

2010 
April 

2 111 30.5 0.0 12.9 12.9 364.2 2.3 3300.9 . 

2010 
April 

2 111 60.9 0.0 13.4 13.4 116.4 0.8 3393.5 . 

2010 
April 

2 111 91.4 5.3 16.8 22.1 31.0 1.0 3443.1 . 

2010 
April 

2 148 15.2 0.0 4.8 4.8 372.0 5.9 2072.7 . 

2010 
April 

2 148 30.5 0.0 13.4 13.4 344.0 1.8 3529.3 . 

2010 
April 

2 148 60.9 12.4 10.7 23.0 82.7 0.5 3026.2 . 

2010 
April 

2 148 91.4 14.4 16.9 31.2 49.1 0.2 2657.7 . 

2010 
April 

3 37 15.2 0.5 7.4 7.9 497.5 8.3 1419.9 . 

2010 
April 

3 37 30.5 0.0 10.2 10.2 475.1 2.0 2751.5 . 

2010 
April 

3 37 60.9 0.0 12.9 12.9 793.8 0.6 3565.9 . 

2010 
April 

3 37 91.4 0.0 12.7 12.7 493.9 0.2 2699.7 . 

2010 
April 

3 74 15.2 0.0 4.5 4.5 405.6 9.6 1583.6 . 

2010 
April 

3 74 30.5 0.0 12.4 12.4 342.9 3.8 3085.4 . 

2010 
April 

3 74 60.9 0.0 7.7 7.7 620.6 0.5 3581.0 . 

2010 
April 

3 74 91.4 0.0 11.9 11.9 297.4 0.1 2936.8 . 

2010 
April 

3 111 15.2 0.0 10.3 10.3 358.6 8.5 1305.7 . 

2010 3 111 30.5 0.0 15.8 15.8 353.0 2.4 3191.0 . 
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April 

2010 
April 

3 111 60.9 0.3 22.9 23.2 478.4 0.5 3824.5 . 

2010 
April 

3 111 91.4 1.6 25.8 27.4 263.7 0.5 2952.9 . 

2010 
April 

3 148 15.2 0.0 11.3 11.3 673.4 8.9 1577.2 . 

2010 
April 

3 148 30.5 0.0 20.1 20.1 509.8 2.3 2966.9 . 

2010 
April 

3 148 60.9 0.0 5.1 5.1 680.0 0.6 3365.5 . 

2010 
April 

3 148 91.4 0.3 16.4 16.8 457.7 0.3 3117.7 . 

2010 
Octobe

r 
1 37 15.2 0.0 3.8 3.8 253.2 7.6 . . 

2010 
Octobe

r 
1 37 30.5 3.6 8.5 12.1 190.5 1.5 . . 

2010 
Octobe

r 
1 37 60.9 0.0 6.3 6.3 23.5 0.7 . . 

2010 
Octobe

r 
1 37 91.4 0.0 5.0 5.0 31.0 0.4 . . 

2010 
Octobe

r 
1 74 15.2 0.6 6.1 6.7 266.7 7.4 . . 

2010 
Octobe

r 
1 74 30.5 1.9 8.7 10.7 248.8 1.6 . . 

2010 
Octobe

r 
1 74 60.9 0.0 14.5 14.5 186.2 0.7 . . 

2010 
Octobe

r 
1 74 91.4 0.0 11.8 11.8 38.8 0.4 . . 

2010 
Octobe

r 
1 111 15.2 0.6 3.7 4.3 221.9 6.7 . . 

2010 
Octobe

r 
1 111 30.5 2.2 7.6 9.9 177.0 1.2 . . 

2010 
Octobe

r 
1 111 60.9 3.9 6.1 10.0 62.1 0.3 . . 

2010 1 111 91.4 8.3 5.7 14.0 28.4 0.0 . . 
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Octobe
r 

2010 
Octobe

r 
1 148 15.2 0.9 4.0 5.0 254.4 5.9 . . 

2010 
Octobe

r 
1 148 30.5 4.3 7.1 11.5 124.4 0.9 . . 

2010 
Octobe

r 
1 148 60.9 1.5 7.1 8.6 85.3 0.3 . . 

2010 
Octobe

r 
1 148 91.4 0.8 7.5 8.3 87.9 0.4 . . 

2010 
Octobe

r 
2 37 15.2 0.6 3.4 4.1 395.6 9.1 . . 

2010 
Octobe

r 
2 37 30.5 2.6 7.7 10.2 345.1 4.2 . . 

2010 
Octobe

r 
2 37 60.9 0.7 4.5 5.2 98.3 1.6 . . 

2010 
Octobe

r 
2 37 91.4 0.8 5.7 6.5 18.4 0.8 . . 

2010 
Octobe

r 
2 74 15.2 1.1 3.6 4.7 289.1 8.3 . . 

2010 
Octobe

r 
2 74 30.5 2.5 6.2 8.8 292.5 2.7 . . 

2010 
Octobe

r 
2 74 60.9 2.4 4.5 6.9 338.7 1.0 . . 

2010 
Octobe

r 
2 74 91.4 1.6 5.0 6.7 44.0 0.3 . . 

2010 
Octobe

r 
2 111 15.2 1.9 3.8 5.7 304.8 8.7 . . 

2010 
Octobe

r 
2 111 30.5 6.2 14.1 20.4 270.1 2.8 . . 

2010 
Octobe

r 
2 111 60.9 0.0 5.1 5.2 95.7 1.2 . . 
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2010 
Octobe

r 
2 111 91.4 0.0 8.3 8.3 12.9 0.6 . . 

2010 
Octobe

r 
2 148 15.2 1.2 21.2 22.4 481.8 6.6 . . 

2010 
Octobe

r 
2 148 30.5 4.7 35.1 39.8 364.2 3.0 . . 

2010 
Octobe

r 
2 148 60.9 3.4 37.8 41.3 103.4 0.8 . . 

2010 
Octobe

r 
2 148 91.4 6.2 21.1 27.3 14.5 0.7 . . 

2010 
Octobe

r 
3 37 15.2 0.5 6.8 7.3 558.0 10.7 . . 

2010 
Octobe

r 
3 37 30.5 1.4 7.5 8.9 389.9 2.8 . . 

2010 
Octobe

r 
3 37 60.9 0.8 7.1 7.8 695.6 0.8 . . 

2010 
Octobe

r 
3 37 91.4 0.0 7.1 7.1 333.6 0.4 . . 

2010 
Octobe

r 
3 74 15.2 2.8 11.1 13.9 356.3 9.4 . . 

2010 
Octobe

r 
3 74 30.5 4.9 21.4 26.3 497.5 2.2 . . 

2010 
Octobe

r 
3 74 60.9 2.4 10.7 13.1 514.6 1.2 . . 

2010 
Octobe

r 
3 74 91.4 0.5 6.5 7.1 263.7 0.5 . . 

2010 
Octobe

r 
3 111 15.2 2.0 6.0 8.0 311.5 10.6 . . 

2010 
Octobe

r 
3 111 30.5 6.5 11.4 17.8 463.9 5.3 . . 

2010 
Octobe

3 111 60.9 2.3 6.7 9.0 509.4 1.9 . . 
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2010 
Octobe

r 
3 111 91.4 1.6 7.2 8.8 258.6 0.4 . . 

2010 
Octobe

r 
3 148 15.2 0.0 5.9 5.9 466.1 6.6 . . 

2010 
Octobe

r 
3 148 30.5 2.2 10.7 12.9 885.2 2.5 . . 

2010 
Octobe

r 
3 148 60.9 1.2 11.2 12.3 951.5 0.7 . . 

2010 
Octobe

r 
3 148 91.4 0.0 7.3 7.3 400.8 0.2 . . 
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APPENDIX B. 

Forage nutrient data and chemical composition.  
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1 1 37 5421 301 48 66 265 0 2548 10 

1 1 74 4792 293 47 82 240 0 2216 9 

1 1 111 4112 233 37 47 209 0 1846 7 

1 1 148 9068 726 116 90 709 13 4244 22 

1 2 37 6517 347 55 74 308 0 3087 10 

1 2 74 3729 181 29 31 169 0 1725 6 

1 2 111 5454 312 50 63 280 0 2498 9 

1 2 148 5779 370 59 71 336 0 2658 10 

1 3 37 3592 225 36 27 220 4 1568 6 

1 3 74 4395 280 45 47 261 4 1971 7 

1 3 111 4787 310 50 49 293 7 2110 8 

1 3 148 2515 126 20 23 115 0 1114 4 

2 1 37 5798 340 54 51 324 0 1961 19 

2 1 74 5063 295 47 47 278 0 1717 17 

2 1 111 5508 341 55 45 330 8 1886 35 

2 1 148 8642 605 97 95 570 13 3106 26 
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2 2 37 6056 377 60 66 349 0 2144 19 

2 2 74 5029 302 48 49 284 5 1697 19 

2 2 111 5831 356 57 44 347 6 1953 20 

2 2 148 6166 470 75 62 455 11 2016 20 

2 3 37 5990 452 72 56 441 6 1979 26 

2 3 74 6286 392 63 67 364 6 2027 26 

2 3 111 6215 521 83 73 501 12 2026 27 

2 3 148 6085 379 61 60 357 3 1993 27 

3 1 37 889 93 15 10 92 0 274 3 

3 1 74 945 92 15 9 92 0 293 4 

3 1 111 978 109 17 8 109 1 288 4 

3 1 148 1372 127 20 12 127 1 451 439 

3 2 37 708 66 11 6 66 0 231 2 

3 2 74 580 64 10 5 64 1 179 2 

3 2 111 655 74 12 6 74 1 205 2 

3 2 148 796 94 15 7 94 2 231 3 

3 3 37 650 67 11 6 67 0 205 3 

3 3 74 595 63 10 6 63 1 181 2 

3 3 111 688 76 12 7 76 1 207 3 

3 3 148 638 77 12 5 77 1 177 3 
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Forage nutrient levels (continued) 
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1 1 37 5421 12 4 5 0 71 0 0 0 0 

1 1 74 4792 11 4 5 0 69 0 0 0 0 

1 1 111 4112 9 4 4 0 56 0 1 0 0 

1 1 148 9068 19 9 11 1 163 0 0 0 0 

1 2 37 6517 13 5 6 0 87 0 0 0 0 

1 2 74 3729 9 3 3 0 48 0 0 0 0 

1 2 111 5454 13 5 5 0 73 0 0 0 0 

1 2 148 5779 13 5 5 0 90 0 0 0 0 

1 3 37 3592 9 3 4 0 54 0 0 0 0 

1 3 74 4395 11 4 4 0 63 0 0 0 0 

1 3 111 4787 12 5 5 0 73 0 0 0 0 

1 3 148 2515 7 3 3 0 32 0 0 0 0 

2 1 37 5798 20 8 17 0 114 0 1 0 0 

2 1 74 5063 16 6 14 0 93 0 0 0 0 

2 1 111 5508 18 7 17 0 113 0 2 0 0 

2 1 148 8642 25 10 26 0 167 0 1 0 0 

2 2 37 6056 23 11 15 1 120 0 1 0 0 

2 2 74 5029 17 7 14 0 101 0 1 0 0 

2 2 111 5831 19 7 16 0 118 0 1 0 0 

2 2 148 6166 22 8 18 0 140 0 1 0 0 

2 3 37 5990 19 10 16 1 105 0 1 1 0 

2 3 74 6286 19 8 16 0 111 0 1 1 0 

2 3 111 6215 19 11 17 1 111 0 1 1 0 

2 3 148 6085 19 8 23 0 96 0 1 0 0 

3 1 37 889 4 2 3 0 19 0 0 0 0 

3 1 74 945 4 2 3 0 19 0 0 0 0 

3 1 111 978 4 2 4 0 21 0 0 0 0 

3 1 148 1372 4 2 5 0 29 0 0 0 0 

3 2 37 708 3 1 2 0 14 0 0 0 0 

3 2 74 580 2 1 2 0 13 0 0 0 0 

3 2 111 655 3 1 2 0 14 0 0 0 0 

3 2 148 796 3 1 3 0 20 0 0 0 0 

3 3 37 650 2 1 2 0 12 0 0 0 0 

3 3 74 595 2 1 2 0 13 0 0 0 0 

3 3 111 688 2 1 2 0 14 0 0 0 0 

3 3 148 638 3 1 3 0 14 0 0 0 0 
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