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ABSTRACT 

Livestock production for meat and dairy represent major agroecosystems in Wisconsin 

and comprise much of the State‟s landscape.  Many farmers in Wisconsin are concerned about 

the effects of agricultural practices that are the result of the industrial model, especially the role 

of confinement operations where feed is mechanically harvested and transported to a centralized 

location where livestock spend most if not all of their time.  Farmers‟ desire to remain profitable 

while at the same time practicing environmentally sound management techniques has led to a 

growing phenomenon in the upper Midwest, management-intensive rotational grazing.  But 

while the social benefits and economic flexibility of rotational grazing are increasingly well 

established, its agroecological consequences remain mostly anecdotal.  I employed a randomized 

complete block field experiment to test specific ecological and agronomic research questions 

under four pasture management practices typical of the upper Midwest – management-intensive 

rotational grazing, continuous grazing, haymaking, and land that has been set aside with no 

agronomic management.  First, I compared forage production, forage quality, and belowground 

net primary production finding forage production was significantly greater under management-

intensive rotational grazing when compared to continuous grazing, mechanical harvest for hay, 

and no agronomic management.  Forage quality was also significantly higher under 

management-intensive rotational grazing, while belowground net primary production was 

significantly lower under grazed treatments compared to non-grazed treatments.  Second, I used 

an ecosystem carbon balance approach to quantify the net ecosystem C accumulation or loss of 

pastures under the treatments described above.  Management-intensive rotational grazing lost 

significantly less C in 2006 than all other treatments, while in 2007 MIRG was the only 
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treatment that was a sink for C.  The potential for sequestering C in perennial pastures exists, but 

if considered at scales broader than the pasture boundary, import and export of C need to be 

taken into account.  And lastly, I used a hybrid phospholipid fatty acid and fatty acid methyl 

ester analysis to assess microbial biomass, fungal-to-bacterial ratios, and guild composition in 

the surface 15-cm of soils under the four pasture treatments.  Microbial community structure was 

assessed with principal components analysis, and regression trees and linear mixed-effects 

models were used to explore factors related to microbial community response to management.  

There was a general effect of grazing on microbial communities, but different grazing 

management (i.e., management-intensive rotational grazing vs. continuous grazing) did not affect 

microbial community composition or biomass.  Production increases with management-intensive 

rotational grazing likely stem from the direct effect of defoliation on plant developmental stage 

and community composition rather than indirectly via microbial mediated feedbacks.   
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INTRODUCTION 

 

“Grazing is the meeting of cow and grass.” 

 

Andre Voisin (1959) 

 

 
 

 

Throughout history, grassland and grazing have played a prominent role in the life of 

humans, from shepherds with their flocks chasing the next bloom of grass and indigenous 

Americans following bison herds across the plains, to early settlers importing grass seed to plant 

down and raise the family livestock.  Grasslands and grazing are as intrinsic to agrarian 

agriculture as flight is to the bird.  Domesticated livestock were of such importance to the early 

colonists of North America that enclosing land with fencing to contain them became a 

justification for acquiring land through the Lockeian tenet of improvement by labor (1984).  And 

while the colonies became a land of fields and fences, movement to settle the West became 

intrinsically linked with American independence and divorce from the influence of Europe 

(Turner, 1894).  As settlers moved into Wisconsin, much of the landscape was converted to 

pasture and crop fields.  Of particular interest was the migration into the upper Midwest of dairy 

and cheese making interests, which by the early 1920s had supplanted New England and New 

York as the centers of manufacture, making the area “America‟s dairyland” (Lewthwaite, 1964; 

Cross, 2001).  
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“Management-intensive grazing is not for every producer. It will not instantly provide wealth 

and leisure or solve all the problems livestock producers face. Some experienced graziers say it 

takes three years of observation and manipulation of soil, plant, and animal resources to really 

begin to manage them well. During these years there will be countless challenges and necessary 

adjustments. Every attempt to prepare for potential problems will make the transition smoother. 

An assumption that the system can continually be improved will help the manager to identify 

weak areas early. Being alert for difficulties ensures that they can be addressed before they 

become serious.” 

National Sustainable Agriculture Information Service (ATTRA Publication #IP086) 

   

Management Intensive Rotational Grazing (MIRG), which entails livestock grazing in 

relatively small paddocks at high densities, but for short durations, is an agriculture movement 

that has been adopted by a large number of dairy and beef farmers in Wisconsin.  It has been 

adopted with the desire not only to improve their relationship with the land, but also to educate 

through the exchange of technology and information the benefits of the grazier lifestyle 

(Hassanein and Kloppenburg, 1995; Paine et al., 2000).  In his seminal book, Grass Productivity, 

Voisin (1959) points out that rotational grazing “… is not a new idea: its principles were known 

but have been forgotten”.  In fact, some of the earliest writings attributed to the concept of 

rotational grazing were penned by Scottish agriculturist James Anderson in 1777 and by French 

agronomist and botanist Jean-Francois Rozier in 1786 (Voisin, 1959).  And, although Voisin was 

a strong advocate for rotational grazing in the late 50s and early 60s, he died before his grazing 

principles were recognized in the United States.  In fact, upon querying range scientists while on 

a tour of American universities in 1978, noted holistic management advocate Allan Savory found 

that not one of these scientists had read Voisin‟s book.  And even though Voisin‟s grazing 

principles did not gain early favor in the United States, (it was almost 30 years before his work 

would impact grazing in the U.S.) they were put into practice in other countries.  Of these, the 
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most notable was New Zealand where managing livestock using rotational grazing remains a 

cornerstone of their dairy industry (Murphy, 1991).     

For much of the early 20
th

 century, Wisconsin dairy farmers used pastures as a primary 

food source for their livestock, but early scientific efforts at maximizing production using 

grazing management principles neglected the critical element of time (Voisin, 1959).  The length 

of time and the timing of repeated exposure to defoliation are critical in maintaining plant, and 

therefore pasture, health.  As demand for dairy products intensified during the last century, poor 

management of pasturage reduced the ability of graziers to compete with those farms applying 

new scientific knowledge of feeding stored feed such as alfalfa and corn silage (Liebhart, 1993).  

Agricultural research trials directed farmers to adopt feeding stored forage and grain to livestock 

not only in the winter, but also in the summer as a means of maximizing milk production per 

acre.  For example, Larsen (1959) was promoting the adoption of feeding stored forage as one of 

the “…more efficient ways of utilizing summer forage”, and to overcome the “extravagant” use 

of the cow as a harvesting unit, “… [more] efficient methods of harvesting must come into use if 

herd expansion is to take place without a large increase in farm size”. 

 

“Environmental issues in agriculture, particularly actual or proposed regulations on chemical use 

and large confinement animal feeding operations, have become increasingly important during 

this decade.” 

Program on Agricultural Technology Studies 

University of Wisconsin – Madison (Research Report No. 5) 

 

 

The structure of the Wisconsin dairy industry was driven by the hegemony of the Land Grant 

University during the 1950s – 1980s.  The small- to mid-sized confinement dairy (under 200 

cows) became the industry standard as pasture-based research was shifted to confinement 



xiii 
 

systems after 1950 (Fales, 1992; Hassanein, 1999).  With the decline of commodity prices in the 

1980s, economic sustainability of industrial agriculture as a whole came under scrutiny.  Along 

with economic concern, there were concerns for the environmental sustainability of systems and 

processes related to agriculture.  Negative environmental consequences of high input 

homogeneous cropping systems were hard to overlook.  Burgeoning debt coupled with low 

commodity prices had effects on rural communities that were staggering, with farm 

abandonment and foreclosures reaching an all time high.  For the first time in U.S. history, the 

total of interest payments on farm loans exceeded total net farm income in1984 (USDA, 1987).  

Farm closures had a trickle-down effect, negatively impacting the manufacture and sale of farm 

machinery, and inputs such as seed, fertilizer, herbicides and pesticides. Unable to recover 

capital investments, rural banks went into receivership. As more and more farmers were forced 

out of business, negative impacts were also felt by small town enterprises, which saw their 

profits plummet (Lasley, 2003).  As a result, the farmers that had leveraged their farms to seek an 

advantage through economies of scale, had adopted many of the new technologies, and had 

observed the admonition to plant crops “fence row to fence row”, became especially vulnerable 

to depreciating land values, reduced capital flow, and financial encumbrance (Bultena et al., 

1986).   

 

“I get asked more questions that I can‟t answer than I can answer about rotational 

grazing…There‟s been no research done.” 

University of Wisconsin agronomist 

(as quoted in Hassanein 1999) 

 

By the early 1990s the events described above precipitated changes in the Wisconsin 

dairy industry that were embraced by farmers in distinctly different ways.  While some farm 
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managers have maintained their role as a mid-sized confinement operations, a farm model that 

has undergone rapid growth has been increased industrialization (Brock and Barham, 2009).  

This has manifested itself in the use of updated technology and expanded land base to produce 

feed for an increasingly larger herd sizes (greater than 200 cows).  A third alternative, posited as 

a possible escape from the industrial “treadmill”, is skilled management of resources and 

information that are not subject to an increase in cost to the farm (Cochrane, 1993).   In 

Wisconsin, this alternative management style and information exchange has been adopted by 

smaller farms with owners seeking alternative methods to increase production and economic 

flexibility, reduce environmental and health problems associated with industrial farming, and 

increase life-style satisfaction (Ostrom and Jackson-Smith, 2000).  Many of these farmers were 

responding to dissatisfaction with the role of public agricultural research and the efficacy of 

Cooperative Extension to meet increasing demand for non-agribusiness solutions (Buttel, 2003).  

In the 1990s a new style of intense pasture management manifested itself in the form of MIRG, 

which while not complex in theory, requires the complex knowledge of local pasture plant 

communities, soils, climate and weather, types of livestock, and marketing opportunities 

(Hassanein and Kloppenburg, 1995; Paine et al., 2000).    

Knowledge transfer from state and federal farm agencies, traditional cooperatives, 

Cooperative Extension, and other sources of agricultural information was incomplete for farmers 

entertaining a switch to MIRG (Hassanein and Kloppenburg, 1995; Paine et al., 2000).  Instead, 

farmers already using, or considering MIRG, turned to sustainable farming networks that were 

strictly farmer initiated and farmer led.  Following a conference sponsored by the Rodale 

Institute in 1984, four farmers initiated and formed the first Wisconsin grazing network with the 

expressed goal of developing methods of evaluating technologies, encouraging information 
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exchange between farmers, and forging relationships with University research personnel (Paine 

et al., 2000).   

The number of grazier networks has grown from 1 in 1986, to 23 in 2000 (Paine et al. 

2000), and while these networks and the exchange of ideas has flourished, there are recognizable 

holes in the research base and the flow of this information to grass based farmers (Jackson, 

2006).  Based on a literature review done by the University of Wisconsin‟s Center for Integrated 

Agricultural Systems (CIAS), academic literature related to MIRG exploded in the 1990s and the 

current decade, but there are noticeable shortcomings in current research (Mariola et al., 2005).  

For example, they state that data summaries to date focus mainly on the link between grazing 

and human nutrition, or between grazing and water quality.  Also, in a list of Wisconsin grazing 

research, peer-reviewed grazing literature comprised 54 papers, of which 13 fell under the 

general description of environment/nutrition, but most of these papers dealt only with wildlife 

and/or wildlife habitat (see Jackson, 2006).  More recently, a report by CIAS on the effects of 

grazing on Wisconsin‟s environment produced 33 peer-reviewed articles, of which 11 were 

focused on the upper Midwest.  Forage production and quality were at the core of 2 studies, 3 

were centered on carbon storage/loss, while the remaining dealt with stream erosion or wildlife - 

mainly bird and bird nesting habitat (Taylor and Neary, 2008b).  Identified as an area of concern 

by all authors was the paucity of studies addressing rotational grazing and its impact on the 

environment, and yet the number of farms employing grazing as a management strategy has 

increased from 7.3% in 1993 to 26% in 2005 (Brock and Barham, 2009). 

 While MIRG‟s benefits for production economics are increasingly well established, 

farmers using MIRG realized cost reductions per milk hundred weight equivalent (CWT EQ) 

when compared to confinement operations.  Although milk production per cow was lower with 



xvi 
 

grazing, the reduction in overall farm operating costs makes MIRG economically competitive 

with confinement operations (Kriegl and McNair, 2005).  However, its agronomic and ecological 

consequences remain mostly anecdotal, and the scientific basis for how management affects 

ecosystem production and function is lacking.  We identified three primary areas of need to 

extend our knowledge on the effects of management on pasture in a subhumid climate: 1) forage 

production and quality, 2) carbon accumulation or loss, i.e., net ecosystem carbon balance, and 

3) soil microbial biomass and community composition.  

Forage production and quality 

 Productivity of pastures in much of the upper Midwest is limited to April through 

October, so promoting high quality forage production for summer grazing and winter storage is 

critical to dairy and beef farm profitability.  Grazing systems are less important or not important 

in regulating forage production and quality in rangelands of the West.  The ecological 

underpinning is that plant-herbivore and plant-plant interactions are decoupled.  However, in 

grasslands of the upper Midwest, plant community dynamics may behave in an equilibrium 

manner (Woodis and Jackson, 2008).  If so, defoliation by large herbivores may impact plant-

plant interactions and drive plant community composition through competitive advantage.  As a 

management tool, managing the temporal and spatial distribution of livestock may be beneficial 

to improving production.  In Chapter 1, I examined the effects of intensively managing grazing 

pressure (MIRG), in comparison with less intensive continuous grazing (CONT) on forage 

production and quality.  What is novel about this study is that we held stocking rate constant 

between grazing treatments.  This was done to assess the impacts of managing spatial and 

temporal defoliation directly to herbivore directed defoliation.  Also, to compare other 
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management strategies typical of the upper Midwest, we did this in comparison with haymaking 

(HARV), and land removal from management (NONE). 

Net ecosystem carbon balance 

Human activities and land use practices have altered local, regional, and global C cycles 

(Vitousek et al., 1997).  The terrestrial biosphere is a known sink for CO2 (IPCC 2001), but 

annual C balance is strongly dependent on management (Skinner, 2008).  Strategies that increase 

pasture productivity and improve forage quality are thought to provide opportunities to increase 

C storage.  Return of nutrients and plant-derived C in the form of manure, and the quality and 

distribution of the C inputs can influence C sequestration (Schnabel et al., 2001).  Pastures that 

are hayed or continuously grazed with low stocking densities are thought to have less C 

sequestration potential, while MIRG is thought to enhance C sequestration.  In Chapter 2 we 

used an ecosystem carbon balance approach to quantify the net ecosystem C accumulation or 

loss in subhumid pastures.  As markets for carbon credits develop and expand accurate estimates 

of carbon storage or loss will be necessary to inform policy and the monetary value of effective 

land contracts (Chapin et al., 2006; Smith et al., 2007).          

Soil microbial biomass and community composition   

The effects of grazing management on ecosystem structure and function are highly 

variable.  However, in more mesic climates management of the timing and spatial distribution of 

livestock is of paramount importance to maintaining or improving net primary production.  In 

these environments, grazing may enhance pasture production directly via effects on plant 

developmental stage and community composition (Wardle et al., 2004) and/or indirectly by 

making nutrients more available to plants from excreta and enhanced litter quality leading to 
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accelerated nutrient mineralization (Frank and Groffman, 1998).  Numerous studies have shown 

that grazing addition, or increasing the intensity of grazing may result in changes in total soil 

microbial biomass and changes in microbial community composition that may impact C and N 

mineralization rates and seemingly promote aboveground biomass production (Klumpp et al., 

2007).  Conversely, cessation or reduction of grazing intensity leads to reductions in key 

ecosystem processes (Bardgett et al., 1996; Bardgett et al., 2001; Grayston et al., 2004).  In 

Chapter 3, I test the extent to which pasture management affects soil microbial biomass and 

communities, and explore potential predictors of community patterns.   

The research goals of this study were to: 1) provide a scientific basis from which farmers 

can inform decisions about how best to manage rural landscapes under the mounting pressure to 

simultaneously produce, maintain, and develop ecosystem services such as air, soil and water 

quality, biodiversity and aesthetics, and 2) contribute to the basic science of agronomy and 

ecology by generating knowledge about management effects on pasture ecosystems that will 

assist agencies, and policymakers. 
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Chapter 1.  Management-intensive rotational grazing promotes higher productivity and 

forage quality of subhumid pastures 

ABSTRACT 

 Management-intensive rotational grazing is used by many farmers seeking to balance 

profitability, environmental stewardship, and quality of life.  Productivity of pastures in much of 

the upper Midwest is limited to April through October, so promoting high quality forage 

production for summer grazing and winter storage is critical to dairy and beef farm profitability.  

We conducted a field experiment on pastures dominated by Kentucky bluegrass (Poa pratensis 

L.), orchardgrass (Dactylis glomerata L.), meadow fescue (Festuca elatior L.), perennial 

ryegrass (Lolium perenne L.), and white clover (Trifolium repense L.) to compare forage 

production, relative forage quality, and belowground net primary production under management-

intensive rotational grazing, continuous grazing, haymaking, and land that has been set aside 

with no agronomic management.  Grazing treatments were implemented with similar stocking 

rates, and all treatments were established in May 2005 in a randomized complete block design 

with three blocks.  In 2005, it was apparent that much of the biomass in the continuously grazed 

pastures was being refused by livestock.  We found potential utilizable forage was significantly 

greater under management-intensive rotational grazing when compared to the other treatments.  

For each treatment year relative forage quality was also significantly higher in management-

intensive rotational grazing.  In 2006 belowground net primary production in the surface 15-cm 

was significantly lower under grazed treatments compared to non-grazed treatments.  

Substantially higher belowground net primary production was produced under all treatments in 

2007, with the management removal treatment producing significantly more biomass than the 

grazed and hayed treatments.  While all management treatments had a negative impact on 
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belowground production, our results point to management-intensive rotational grazing as a viable 

grazing management alternative to continuous grazing and haymaking in terms of both forage 

production and quality. 
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INTRODUCTION 

Non-equilibrium models of vegetation change are frequently promoted for arid and semi-

arid grasslands because equilibrium models inadequately describe plant community dynamics 

(Westoby et al., 1989; Jackson and Bartolome, 2002; Bestelmeyer et al., 2003).  A recent review 

by Briske et al. (2008) showed that grazing systems were less important than grazing intensity to 

plant community response in rangelands of the West.  However, in mesic grasslands of the upper 

Midwest, Woodis and Jackson (2008a) showed that plant community dynamics behave in an 

equilibrium way - biotic factors such as grazing management drive vegetation composition.  If 

so, enhanced forage production and quality may be achieved by delaying plant maturation, 

reducing shading of young leaves, excluding unpalatable species, and altering nutrient cycling 

through management (Schuman et al., 1999; Bardgett and Wardle, 2003).  In grasslands of mesic 

climates where weather is more predictable than in arid and semi-arid regions, limited research, 

observation, and anecdote have indicated that rotational grazing promotes productivity.  When 

compared to continuous grazing, management-intensive rotational grazing is credited with 

efficient use of land (Phillip et al., 2001), greater livestock weight gain and parasite reduction 

(Papadopoulos et al., 1993), and increased pasture productivity (Paine et al., 1999; Fales et al., 

1995). 

Linking aboveground net primary production to belowground plant response to grazing is 

thought to be essential for long-term sustainability of production (DeAngelis and Huston 1993). 

While aboveground production may be improved, grazing may have a negative effect on root 

systems (Milchunas and Lauenroth, 1993).  Grasses respond to defoliation by increasing C 

allocation to new leaves while decreasing allocation to roots (Detling et al., 1979).  Repeated 
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frequent simulated grazing resulted in decreased root biomass, root N reserves and, C allocation 

to leaves was enhanced at the expense of root biomass (Turner et al., 1993; Schuman et al., 

1999).  But root biomass may affected differentially along a grazing chronosequence, and root 

production may be less affected with adequate rest periods between defoliation events (Holland 

and Detling, 1990). 

Management-intensive rotational grazing has been adopted by a large number of dairy 

and beef farmers in Wisconsin and the upper Midwest.  Where grazing was once considered the 

antithesis of technological innovation, it is now an established practice (Taylor and Foltz, 2006; 

Hassanein and Kloppenburg, 1995).  This management strategy entails livestock grazing in 

relatively small paddocks at high densities, but for short durations.  In a management-intensive 

rotational grazing system, large pastures are divided into smaller paddocks and once a sward 

height objective is reached in the paddock being grazed, the herd is moved to the next paddock.  

Management-intensive rotational grazing has been publicized as beneficial to both farmers and 

livestock, for social, economic, and production (both quantity and quality) benefits (Paine et al., 

2000).  And, while this type of grazing operation typically results in lower livestock production 

and output when compared to confinement systems, it requires lower capital inputs, thereby 

decreasing the economic risk and increasing the flexibility and profit of the individual dairy 

farmer (Frank, 1995).  Despite the potential advantages of management-intensive rotational 

grazing, Paine et al. (1999) reported that ~ 690 thousand pasture hectares in Wisconsin remain in 

unmanaged continuous grazing. 

Improved pasture is land that has been sown with preferred forage and legume species, 

and is maintained with management inputs; irrigation, fertilizer, and periodic cultivation to 

maintain or re-establish preferable species.  Management of improved pasture typically includes 
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nitrogen fertilization.  Introduced cool-season grass and forb species are managed for production 

yield and forage quality, and are harvested by livestock, mechanical means, or both (Schnabel et 

al., 2001).  Mechanically harvested forage is used for winter feeding or as a major feeding 

component in confinement operations.   

Within the North Central Region of the United States, which contains ~ 9 M ha of 

pasture, Wisconsin contains just less than 1 M ha of permanent improved pasture and cropland 

that is used exclusively as pasture for grazing livestock (Vough, 1990).  Jackson-Smith et al. 

(1996) estimated that ~ 15% of all dairy operations in Wisconsin maintained some form of 

grazing as a management strategy.  In 2006, an updated grazing study indicated this estimate had 

grown to ~ 25% (Taylor and Foltz, 2006).  In addition to dairy operations, the Wisconsin beef 

industry is also flourishing with ~ 23% of the state‟s total cattle population (Taylor and 

Lehmkuhler, 2008).  Taylor and Lehmkuhler (2008) also report that ~ 40% of beef farmers rotate 

their cattle through pasture, ~33% continuously graze, and the remainder use confinement 

systems.   

The objectives of this study were to test how pasture management practices typical of the 

upper Midwest – management-intensive rotational grazing, continuous grazing, haying, and no 

agronomic management - affect pasture yield, quality, and root production.  Our hypotheses were 

that management-intensive rotationally grazed plots would have 1) greatest forage production, 2) 

highest forage quality characteristics for livestock consumption, and 3) greater belowground net 

primary production than continuous grazing, but not haymaking and land removed from 

agronomic management. 
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METHODS 

Study site – experimental design 

This study was conducted at the Franbrook Farm, a research property in south central 

Wisconsin, USA (lat 42°44‟16.65”N, long 89°45‟13.27”W).  The climate is continental with 

warm summers and cold winters.  Average temperatures range from ~ -7° C in January to 22 °C 

in July.  For our study period (2006 to 2007) mean temperature range was 0 to 22 and -5 to 21 

°C, respectively.  Mean annual precipitation is ~ 900 mm, of which ~ 100 mm is from snow.  

Approximately two-thirds of the annual precipitation falls during the growing season, April to 

October.  Yearly precipitation totals for 2006 and 2007 were 691 and 583 mm, respectively.  The 

research area is ~ 26 ha of valley bottom pasture dominated by cool-season grasses.  Soils in this 

area are ~ 90 cm deep and are classified as Otter silt loam (Cumulic Endauolls), Arenzville silt 

loam (Typic Udefluvent), and Huntsville silt loam (Cumulic Hapludolls) (USDA, NRCS, 2007).  

In the top 15-cm of soil; bulk density, pH, organic carbon, and total nitrogen are 1.15 g cm
-3

, 6.8 

(H2O), 4.2, and 0.31% respectively.  Elevation range at the farm is 265 to 320 m above sea level.   

 In April 2005, a randomized complete block (RCBD) field experiment with three blocks 

and four treatments was established.  The four treatments mimicked management-intensive 

rotational grazing (MIRG), continuous grazing (CONT), periodic harvesting of pasture forages 

for hay (HARV), and management removal (NONE) (Fig. 1).  Beginning in May 2005, MIRG 

paddocks (0.6 ha) were grazed by separate 25 cow-calf pair herds (1 pair = 1.3 animal units 

[AU]) at high animal stocking rates (i.e., instantaneous stocking rate of 54 AU ha
-1

) for a brief 

duration of ~ 2 d (i.e., a stocking rate of 108 AU d month
-1

), and then allowed to rest for 28-29 d 

(Paine et al. 1999).  Continuous pastures (8.1 ha) had lower instantaneous stocking rates (i.e., 4 
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AU ha
-1

), but pastures were rested only during the 2 d that the herd was confined to the 

paddocks, resulting in a comparable stocking rate to MIRG (i.e., a stocking rate of 112 AU d 

month
-1

).  Plant biomass was mechanically harvested and removed in May and mid-August 

2006, and May and late July 2007 from the HARV plots (0.3 ha) to mimic the making of hay 

typical to confinement operations. Finally, we set aside 0.3 ha plots for no agronomic 

management (NONE) to mimic a conservation reserve program site. To represent standard 

management practice, granular ammonium phosphate (11-44-0) fertilizer was applied at the 

University of Wisconsin Extension recommended rate (57 kg N ha
-1

) to all treatment areas 

except NONE at the beginning of June in 2005, 2006, and 2007. 

Vegetation sampling  

Starting in May 2006 and continuing through October 2007, aboveground net primary 

production (ANPP) was estimated monthly for both MIRG and CONT.  In the HARV plots, 

biomass production was estimated for three growth periods: April through May, June to mid-July 

in 2006 and June through July in 2007, and from the end of the second growth period through 

October.  Biomass in the NONE treatment was estimated for three growing periods: April 

through June, July through September, and September through October.  Biomass was estimated 

using Leaf Area Index (LAI), which is defined as the amount of leaf area in a canopy per unit 

ground area.  In 2005, at multiple time points throughout the season, LAI was calculated as a 

function of intercepted photosynthetically active radiation (PAR).  Intercepted PAR was 

determined by measuring incoming PAR above and below the leaf canopy in randomly placed 

0.1-m
2
 quadrats with an AccuPAR LP-80 Ceptometer (Decagon Devices, Inc., Pullman, WA 

[see Campbell and Norman, 1989]).  Biomass was harvested from these quadrats, dried at 60° C 
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for 48 h, and weighed.  An allometric equation was developed from the relationship between 

LAI measured and biomass (r
2
=0.72).  Production in MIRG paddocks was calculated as the 

difference between pre-grazing event measurements and post grazing measurements of the 

previous grazing event.  For CONT pasture, grazing exclusion cages were randomly located and 

moved each month.  Biomass was estimated inside and outside the cage, and monthly production 

was calculated as the difference in biomass estimated from inside the cage minus biomass 

estimated outside the cage.   

At the beginning of the season in all treatments, and during the season and at the end of 

the season in NONE, live and dead fractions were calculated using a line-point transect.  Five 10-

m transects were randomly located in each treatment, and point determinations of live or dead 

were made at each decimeter resulting in 100 point determinations in each treatment at each 

sampling date.  Biomass estimates were adjusted by multiplying total biomass by percentage of 

live biomass to reflect incremental growth of live biomass for the given growth period.  In order 

to quantify potential forage for utilization by livestock in the grazing treatments, five randomly 

placed 1-m × 20-m band transects were sampled for each season (spring, summer, and fall) to 

determine refused and non-utilized forage.  Production in our study is defined as potential 

utilizable forage (PUF), and was quantified by incorporating the estimates of refused and non-

utilized biomass into our estimates of total production. 

Belowground net primary production (BNPP) was estimated in 2006 and 2007 from root 

in-growth cores (Fahey 1999).  Five 5-cm diameter × 15-cm deep mesh cores containing a 

neutral soil medium (75% field soil and 25% sand) were installed within each treatment at the 

beginning of the growing season (April).  The cores were harvested at the end of the season 
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(October), and the roots were washed free of soil over a 1-mm sieve, dried at 60 °C for 48 h, and 

weighed. 

To estimate forage quality, grab samples of biomass were harvested monthly from April 

to October in 2006 and 2007.  In order to compare forage on offer, or forage that grazing animals 

would be exposed to at the time they were turned into the pasture, samples were taken at any 

given time for CONT (monthly at the same time as biomass estimates), and immediately before 

animals were turned into the paddock for MIRG (sampling in the MIRG paddocks was done at 

the same time as pre-grazing biomass estimates were made).  Five random samples of standing 

biomass were harvested from each treatment, composited, and then dried at 65 °C for 48 h.  

Samples were ground through a 1-mm screen in a Model 4 Wiley mill (Thomas Scientific, 

Swedesboro, NJ), and analyzed for forage quality attributes at the University of Wisconsin 

Forage Lab (Madison, WI) by Near Infrared Reflectance Spectroscopy (NIRS) using a Foss NIR 

Model 6500 (Foss NIRSystems Inc., Laurel, MD).  We report forage quality as Relative Forage 

Quality (RFQ), which is a single numeric index that reflects the sum of forage quality attributes 

measured in a forage sample.  Relative forage quality is calculated from predicted values of 

voluntary forage intake, and the estimated available energy derived from that forage (Appendix 

A).  In this way, it is similar to the more common Relative Feed Value (RFV) that was developed 

to market forages and to be used as a forage education tool (Rohweder et al., 1978).  But, 

because RFQ is applicable over a greater range of forage types and improves estimation of dry 

matter intake of high-quality grasses, it is the preferable index to use for cool season grasses 

(Moore and Undersander, 2002).   

Soil cores to 15-cm depth were used to estimate nitrogen (N) availability.  Duplicate 10 g 

subsamples were weighed out, with: one subsample for immediate inorganic N extraction in 2 M 
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KCl, and one that was aerobically incubated for a period of seven days and then extracted to 

measure net N mineralization following Robertson (1999).  Extracts were frozen prior to 

colorimetric NH4
+
 (method #12-107-06-2-A) and NO3

-
 (method #12-107-04-1-B) determination 

on a Lachat QuikChem flow injection analyzer (Lachat Instruments, Milwaukee, WI).   

Cover was estimated in late July (2005 through 2007) and late September (2006 and 

2007).  Five 10-m transects were randomly located within each treatment plot.  At 50-cm 

intervals along each transect a sharpened point was lowered from above the vegetation and the 

first plant species intercepting the point was recorded (Heady et al., 1959).  Absolute cover was 

calculated by dividing species intercepts by total intercepts.  The cover estimates by species were 

categorized into the following functional groups, C3 cool-season grasses, perennial legumes, and 

non-leguminous forbs.     

Statistical analysis 

Averages calculated from sub-samples within each experimental unit (paddock) were 

used in ANOVA linear mixed-effects (LME) modeling using the maximum likelihood algorithm.  

All modeling was done using S-Plus 7.0 (Insightful Corp., Seattle, WA, 2005).  Saturated models 

were constructed to analyze response variables (y) as a function of management treatments (Tj), 

once we accounted for the random effect of block (b).   

yijk  = β0 + Tj + (b)k + εijk 

i = (1,…, 12), j = (1,…, 4), k = (1, 2, 3) 

bk ~ N (0, σ1
2), εijk ~ N (0, σ

2
) 

  To test the significance of the fixed effect, we dropped the treatment term and compared 

a model with only the intercept term to the model including the treatment term using likelihood 
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ratios (Crawley, 2002).  If models were significantly different (P < 0.05), the model with the 

lower Akaike‟s information criterion (AIC) was retained.  If not, we selected the simpler model.  

If treatment was significant, treatment levels were sequentially collapsed and subsequent models 

were compared with likelihood ratio tests using the same approach of model selection.  Separate 

model selection procedures were run for each year (2006 and 2007) to test for treatment effects 

on PUF, BNPP, and RFQ.  To test for treatments effects on PUF and RFQ by season, separate 

models were run for each season within year, spring (April through May), summer (June through 

August), and fall (September through October).  

RESULTS 

Potential utilizable forage  

The ANOVA LME showed that treatment had a significant effect on total PUF 

production in both 2006 and 2007 (model 1; Table B1 and 2).  For 2006, model comparisons 

collapsing treatment levels showed that none of the treatments could be combined without 

significantly increasing residual deviance (models 3 - 8; Table B1).  For 2007 CONT and HARV 

were not different, but all other model combinations were not warranted (models 3 - 7; Table 

B2).  Total production of PUF was greatest in MIRG for both years, while the NONE treatment 

had the lowest total production (Fig. 2).   

 Treatment had a significant effect on PUF for each season within year (models 9, 15, and 

22; Table B1, and 8, 15, and 21; Table B2), but comparison of total production within season 

was less consistent than year (Fig. 2).  Total PUF production in spring 2006 was greatest in 

CONT, while in 2007 it was greatest in the treatment plots of MIRG, CONT, and HARV 

(models 11 - 14; Table B1).  The most notable spring pattern was total PUF in the MIRG 
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treatment increased from 325 g m
-2

 in 2006 to 459 g m
-2

 in 2007 (41%), while production in the 

other treatments either decreased (CONT and NONE) or stayed the same (HARV) (Fig. 2).     

Summer 2006 saw a 115% increase in PUF over spring under the MIRG treatment (325 g 

m
-2

 to 698 g m
-2

), while CONT, HARV, and NONE production were all less than their spring 

totals (Fig. 2).  Summer totals for 2007 were less definitive than 2006 with the greatest changes 

over spring occurring as a substantial production increase under HARV, a marked decrease 

under CONT and NONE, and the maintenance of spring production levels throughout the 

summer under the MIRG treatment (Fig.2).  Model comparisons for 2006 showed MIRG PUF 

was significantly greater than all treatments (models 17 - 21; Table B1).  However this pattern 

differed slightly in 2007, with MIRG and HARV showing significantly greater PUF than CONT 

and NONE (models 17 - 20; Table B2).   

Model comparisons for fall showed PUF was significantly greater under MIRG and 

CONT in 2006, and under MIRG in 2007 (models 24 -27; Table B1, and 23 - 27; Table B2).  

Potential utilizable forage production in fall under each treatment was less than their spring and 

summer totals (Fig 2).  Of note is the low variability - when compared to the other treatments - in 

production under the MIRG treatment across seasons in 2007. 

Forage quality on offer 

In 2006 and 2007, there was a significant treatment effect on RFQ (model 1; Table B3 

and B4).  Model comparisons for 2006 showed that RFQ was significantly different for all 

treatment comparisons (models 3 - 8; Table B3).  Relative forage quality was highest under the 

MIRG treatment (Fig. 3).  For 2007 the pattern was similar in that MIRG had the highest RFQ, 

and MIRG and NONE were significantly different from each other.  However, unlike 2006 the 
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CONT and HARV treatments were not different (models 3 - 7; Table B4).  After MIRG the 

highest values of RFQ were realized under CONT and HARV (Fig. 3).   

As we might expect due to the first flush of growth, treatment comparisons showed 

spring RFQ values in both years were not different, except under the NONE treatment for 2006 

(models 10 - 12; Table B3, and model 9; Table B4) (Fig. 3).  When RFQ was modeled for 

summer 2006, estimates under MIRG and HARV treatments were significantly greater than 

CONT and NONE (models 15 - 18; Table B3) (Fig. 3).  For summer 2007, RFQ was highest in 

the MIRG treatment followed by HARV, CONT, and NONE, respectively (Fig. 3).  All 

treatments were significantly different from each other (models 12 - 17; Table B4).  

Comparisons of fall RFQ values showed significantly higher RFQ under the MIRG treatment in 

both years (models 21 - 25; Table B3, and 20 - 24; Table B4).  The pattern of fall RFQ between 

treatments was consistent for both years (Fig. 3).   

Belowground net primary production   

In 2006 and 2007, there was a significant treatment effect on BNPP (model 1 and 7; 

Table B5).  Treatment comparisons for 2006 showed that MIRG and CONT were not different, 

and HARV and NONE were not different (models 3 - 6; Table B5), and belowground production 

was significantly greater in the HARV and NONE treatments.  This pattern was repeated in 2007 

for the grazing treatments, but unlike 2006 the HARV treatment was significantly less productive 

than NONE (models 9 - 11; Table B5).  In 2007, belowground production was greatest under 

NONE (Fig. 4), and all treatments had greater BNPP than 2006 with increases of 121, 81, 75, 

and 35% for MIRG, NONE, CONT, and HARV, respectively. 
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Vegetation cover 

Estimates of cover by functional group showed no significant directional trends between 

years for all treatments for except for an increase in grass cover in the HARV treatment 

(p=0.04)(Fig. 5).  At the species level, the CONT treatment contained significantly greater 

Kentucky bluegrass cover (p<0.05) while containing significantly less orchard grass cover 

(p=<0.05) than all other treatments.  Also, the proportion of bare ground was significantly 

greater in the CONT treatment (p=<0.05)(Table 1).  

Net nitrogen mineralization 

 Average net N mineralization across the 2006 and 2007 growing seasons was 

significantly affected by treatment (p=0.02).  Rate of N mineralization was 0.31 ± 0.04, 0.22 ± 

0.02, 0.08 ± 0.07, and -0.04 ± 0.15 µg N gds-1 d-1 (mean ± SE), for CONT, MIRG, HARV, and 

NONE, respectively (Fig. 6).    

DISCUSSION 

Potential utilizable forage 

Our estimates of greater total PUF under MIRG for both 2006 and 2007 support the 

hypothesis that cool-season grass pasture is sensitive to timing, and frequency of grazing.  This is 

an indication that the relationship between plant production and foliar removal is affected by the 

distribution of grazing pressure in space and time for a given stocking rate, and is beneficial as a 

production strategy over stocking rate alone in this mesic setting.  Our results compare favorably 

with a mensurative study in Wisconsin by Paine et al. (1999) who compared these with a survey 

approach, and a clipping study by Volesky et al. (2007) that found significantly more forage 

available under frequent clipping (average clipping frequency over the growing season 17.8 
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times) to 21-cm stubble height when compared to less frequent clipping (6.7 times) to 7-cm 

stubble height. 

Directional shifts in functional groups or decreased absolute cover of preferred species, 

could affect forage production and quality (Deak et al., 2009).  The directional trends in plant 

cover by functional group in our study showed no pattern between years except for an increase in 

grass cover in the HARV treatment (Fig. 5).  This supports ecosystem stability and equilibrium 

models of herbivore-plant and plant-plant interaction dynamics, e.g., selective grazing by 

livestock dampens plant-plant competition, giving less palatable species an advantage when 

grazing pressure is low on an areal basis, a condition found in continuously grazed pastures 

(Milchunas and Lauenroth, 1993; Derner and Hart, 2007).  In contrast, in the MIRG and HARV 

treatments competitive interactions were heightened.  Homogeneous biomass removal left all 

plants in a state of being equally capable of responding to resources availability, and thus 

homogeneous compensatory growth.  Management for short duration grazing events at high 

intensity may increase forage production by reducing the ability of the animals to graze 

selectively (Bardgett et al., 1998). 

Managed grazing had seasonal benefits as well and it is likely that graziers will realize 

greater PUF and higher RFQ during the summer months.  Most of
 
the total seasonal growth of 

cool-season grasses occurs in the
 
spring; as much as 60% of growth is attained by July (Riesterer 

et al., 2000), so the ability to manage for adequate forage production and quality through the 

summer is a key challenge (Paine et al., 1999).  Cool-season grasses require as much as 2.5 times 

longer for re-growth in summer as they do in spring; a condition commonly referred to as
 
the 

summer slump (Smart et al., 1995; Paine et al., 1996; Balasko, 2003; Brink et al., 2007).  Others 

have reported production peaks early in the growing season with a decline in production as the 
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growing season progresses (Phillip et al., 2001; Paine et al., 1999; Popp et al., 1995).  Our results 

were similar with the notable exception of greater summer production under MIRG.  In our 

experiment, summer PUF under MIRG was significantly greater than CONT in both years (Fig. 

2).  This result portends a positive production benefit to rotational graziers during the summer 

slump when forage production traditionally suffers in a continuously grazed system.  More 

impressive, this result occurred when both years had precipitation totals that were less than 

average, and in 2007 when lower than average precipitation total was coupled with a 2-week 

drought in late July. 

We observed no difference in PUF between defoliation treatments in fall of 2006, and 

production declined relative to both spring and summer.  In 2007 there was a significant fall 

production advantage under MIRG.  This was surprising given the droughty conditions of 

summer and that there were no differences in soil moisture status between treatments (data not 

shown).  A possible explanation is that MIRG maintained the vegetation in the re-growth phase 

giving the plant community an advantage when conditions subsequently became favorable for 

growth.  While available soil water and ambient temperature may affect growth within a season, 

i.e., the summer slump, our treatment differences appear to be driven by herbivore-plant 

interactions. Strategically managing the timing, duration, and intensity of grazing may allow 

graziers to capitalize on the seasonal growth patterns of cool-season grasses.  

Relative forage quality 

As grazing farmers seek to balance profitability despite lower farm output compared to 

confinement operations, forage quality becomes increasingly important for livestock 

performance, and for lowering feed costs by reducing the need for supplements (Parker et al., 
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1992).  Forage utilization and livestock performance are known to increase as forage quality 

increases.  A RFQ estimate of 137 is the level at which forage is deemed medium quality.  At 

this level, growing cattle would gain 0.6 kg d
-1

 and lactating cows would produce 10 kg milk d
-1

 

(Moore and Undersander, 2002).  Our results show that MIRG was the only treatment that 

consistently met this target value, with the exception of spring and summer 2006 (Fig. 2).  This 

supports our second hypothesis that MIRG would positively benefit forage quality. 

Forage quality under various defoliation regimes can fluctuate between seasons (Paine et 

al., 1999; Popp et al., 1997; White et al., 2004; Volesky, 2007).  Popp et al. (1997) found that 

quality of forage declined with season in alfalfa-grass pastures in Canada, and in New Zealand 

pastures dominated by perennial rye (Lolium perenne L.).  White et al. (2004) documented that 

forage quality was highest in the fall when compared to summer, but neither Popp nor White 

found differences in quality between continuous and rotational grazing systems.  Our results do 

not directly support these findings.  Relative forage quality estimates did not differ between 

treatments in spring (Fig. 3), and this was not surprising given that spring growth in all 

treatments results in new foliar tissue of high nutrient concentrations.  In contrast, summer and 

fall RFQ estimates were highest under MIRG (Fig. 3), which is an important finding for graziers 

because during the summer slump MIRG treatments not only offer a greater quantity of forage, 

but forage that is of higher quality.  This supports MIRG as a viable alternative grazing 

management to CONT and HARV in terms of forage quality.  Even in years when precipitation 

was less than normal, MIRG produced forage that was of consistent quality for livestock 

performance and profitability. 

It has been suggested that optimization of forage production and quality is a function of 

defoliation timing relative to growth state of the vegetation (see Turner et al., 1993), exclusion of 
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less palatable species (Menke and Bradford, 1992; Bardgett et al., 1998), and increased nutrient 

cycling (Frank and Groffman, 1998; Conant et al., 2003; Le Roux et al., 2003).  Our results 

support this, as significant differences in PUF and RFQ were most likely influenced by 1) 

maintenance of the plant community in a homogeneous vegetative state - variability in sward 

height was almost double in CONT plots when compared to the MIRG plots (data not shown), 2) 

functional group stability (Fig. 5), 3) retention of taller bunch grasses such as orchard grass 

(Table 1), and 4) increased rates of net N mineralization (Fig. 6). 

Root production 

Grazing lands in the temperate latitudes are thought to contain a significant portion of the 

terrestrial carbon (C) sink, and understanding root contribution to this pool is important as it 

represents a major organic C input in grasslands (Reeder et al., 2001).  A reduction in root 

production under grazing lands may represent a major pathway for C loss.  Also, linking the 

effects of grazing on plant production belowground is thought to be essential for long-term 

sustainability of aboveground production (DeAngelis and Huston, 1993).  However, the effects 

of defoliation on root growth are complex (McNaughton et al., 1998).  In our study no 

differences in BNPP were found between grazing treatments, but we did find substantially less 

root biomass under disturbed treatments when compared to the NONE plots (Fig. 4).  Our 

hypothesis that MIRG would promote root production relative to CONT was not confirmed. 

Grasses respond to defoliation by increasing C allocation to new leaves while decreasing 

allocation to roots (Detling et al., 1979), and there is some evidence from simulated grazing trials 

that repeated frequent defoliations result in decreased root biomass, root N reserves, and 

increased C allocation to leaves (Turner et al., 1993; Schuman et al., 1999).  Grazing intensity, 

time between grazing events, plant community composition, and grazing tolerance of the plant 
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community have been shown to impact belowground biomass production both positively (see 

review by Milchunas and Lauenroth, 1993), negatively (Ferraro and Oesterheld, 2002; Holland 

et al., 1992; Guitian and Bardgett, 2000), and in a neutral manner (Milchunas and Lauenroth, 

1993; Johnson and Matchett, 2001).   Our results compare favorably with the results of Woodis 

and Jackson (2008b) who found smooth brome (Bromis inermis Lyess), a major component of 

many cool-season pastures, was affected negatively by both intensity and frequency of clipping 

relative to an unclipped control, but not studies such as Biondini et al. (1998) that compared the 

effect of stocking rate in northern mixed-grass prairie and found BNPP was not affected by 

moderate grazing when compared to ungrazed sites, but that BNPP decreased as intensity of 

grazing increased.  For contrast, Turner et al. (1993) found no effect of grazing or mowing on 

BNPP in tallgrass prairie dominated by warm-season grasses.  

  Reduced BNPP under the grazing and haying treatments relative to the NONE treatment 

may reflect 1) alteration of vegetation structure and composition (see Holland et al., 1992 for 

references), 2) accelerated rates of carbon and nitrogen cycling reducing the need for root growth 

to compensate for lower N availability (Fig.6) (Bardgett et al., 1998; McNaughton et al., 1998), 

and 3) fine root turnover (Pucheta et al., 2004).  It is most likely the result of all of the above 

mechanisms, coupled with differential carbon allocation of photosynthate; as a result of frequent 

defoliations photosynthates are directed to rebuilding aboveground biomass rather than to 

belowground root production and accumulation of reserves (Holland et al., 1992).   

Management Implications 

In their review of experiments comparing rotational grazing strategies with continuous 

grazing, Briske et al. (2008) reported that rotational grazing systems can be a viable management 
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option in arid and semi-arid grazing land, but that stocking rate was the most important 

management tool regardless of grazing strategy.  They concluded that managed grazing systems 

are not superior to continuous grazing in stimulating plant production or animal performance, for 

the fundamental reason that management is unable to balance maintenance of leaf area for 

production while at the same effectively utilizing production for sufficient animal performance.  

This view is well established for arid and semi-arid rangelands (Barnes et al., 2008).  For mesic 

systems, what has not been well established is whether stocking rate alone or controlling the 

distribution of grazing pressure in space and time is beneficial for forage production and quality.  

In fact, the evidence is equivocal, with some researchers reporting little or no benefit from 

rotational systems when compared to continuous grazing (Dale et al., 2008; Popp et al., 1997; 

Bransby, 1991), while others have found production benefits in livestock weight gain and 

parasite reduction (Papadopoulos et al., 1993), increased pasture productivity (Paine et al., 1999; 

Fales et al., 1995), and land use efficiency (Phillip et al., 2001).  

Our results provide evidence against the argument that stocking rate alone is the key to 

managing mesic plant communities through grazing.  In our system where abiotic factors were 

not limiting for plant growth, plant-plant and herbivore-plant interactions appear to be tightly 

coupled, and to be the main drivers of community structure by dampening competitive advantage 

(Wiens, 1984).  Management of the spatial distribution of livestock and timing of defoliations 

positively impacted biomass production, increasing forage production and quality in both years 

(Figs. 2 and 3) while having a negative impact fine root production (Fig. 4).  These results 

support the hypothesis that our pasture behaved as an equilibrium ecosystem.  It then follows that 

in a pasture systems with equilibrium dynamics, carefully managing grazing pressure may be 

beneficial as a production strategy over stocking rate alone.  Our results are an indication that 
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with grazing management, land managers have the opportunity to manipulate the plant 

community response toward management objectives.   

SUMMARY 

In the upper Midwest, adoption of managed grazing systems has relied on mensurative 

studies and anecdotal evidence to support claims that they result in superior production and 

forage quality.  Our goal was to quantify forage production and quality in a more rigorous 

experimental framework.  We compared pasture management strategies typical of the upper 

Midwest with particular focus on the effects of grazing strategy on biomass production and 

forage quality.  We held stocking rate constant between grazing strategies to appropriately 

examine the effects of spatial and temporal control of defoliation on forage production and 

quality, and root production.   

   The results of this study demonstrate that mesic pastures behave as equilibrium 

ecosystems and, to enhance forage production and quality, MIRG is a beneficial management 

strategy for mesic pastures.  Where abiotic factors are not limiting for plant growth, plant-plant 

and plant-herbivore interactions are tightly coupled and managing grazing frequency, timing, and 

intensity of defoliations confers an advantage to forage production and quality over stocking rate 

alone. 
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FIGURES 

 

Fig. 1. Layout of Randomized Complete Block Design (RCBD) field experiment with three blocks 
and four treatment designated by number as: (1) management intensive rotational grazing 
(MIRG), (2) continuous grazing (CONT), (3) periodic harvesting of pasture forages for hay 
(HARV), and (4) management removal (NONE). 
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Fig. 2. Potential utilizable forage (PUF) for 2006 and 2007 (Total), and within year by season 
(spring, summer, and fall). Error bars show ± SE, n = 3. Means of PUF shown with different 
letters were determined to be significantly different using ANOVA linear mixed-effects model 
selection, p<0.05. 
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Fig. 3. Relative Forage Quality (RFQ) for 2006 and 2007 (Total), and within year by season 
(spring, summer, and fall). A RFQ estimate of 137 is the level at which forage is deemed 
medium quality.  At this level growing cattle would gain 0.6 kg d-1, and lactating cows would 
produce 10 kg milk d-1. Error bars show ± SE, n = 3.  Means of RFQ shown with different letters 
were determined to be significantly different using ANOVA linear mixed-effects model 
selection, p<0.05. 
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Fig. 4. Belowground net primary production (BNPP) for 2006 and 2007. Error bars show ± SE,  
n = 3.  Means of BNPP shown with different letters above error bars were determined to be 
significantly different using ANOVA linear mixed-effects model selection, p<0.05. 

 

 

 

 



33 
 

 

 

Fig. 5. Mean percent cover by year of C3 cool-season grasses, perennial legumes, and non-
leguminous forbs in: (A) continuous grazing, (B) management-intensive rotational grazing, (C) 
harvest, and (D) no management over the course of 3 experimental years.  Significant 
differences determined with ANOVA linear mixed-effects model selection, p<0.05.  Error bars 
show ± SE, n = 3. 
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Fig. 6. Average net nitrogen (N) mineralization for 2006 to 2007 growing seasons.  Error bars 
show  ± SE, n = 3.  Means of N shown with different letters were determined to be significantly 
different using ANOVA linear mixed-effects model selection, p<0.05.   
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Chapter 2.  Livestock management strategy affects net ecosystem carbon balance of 

subhumid pasture 

ABSTRACT 

 Greenhouse gas offsets traded as carbon (C) credits provide incentives for land managers 

to use improved land management strategies.  As markets for credits develop and expand, 

accurate estimates of C accumulation or loss are necessary to inform policy.  The terrestrial 

biosphere is a known sink for CO2, and recognition of additional C sources and sinks has 

expanded the focus of potential C sequestration to systems such as grasslands.  We used a net 

ecosystem carbon balance approach to quantify the net ecosystem C accumulation or loss in 

subhumid cool-season grass pastures under four typical livestock management practices in the 

upper Midwest: management-intensive rotational grazing, continuous grazing, haymaking, and 

land set aside with no agronomic management.  Management-intensive rotational grazing lost 

significantly less C in 2006 than all other treatments, and in 2007 was the only treatment that was 

a sink for C.  Our net ecosystem carbon balance model resulted in an average C change of -219 ± 

31, -3 ± 46, -287 ± 16, and -195 ± 5 g C m
-2

 y
-1

 (mean ± S.E.) for continuous grazing, 

management-intensive rotational grazing, haymaking, and management removal, respectively.  

While management-intensive rotational grazing was best with respect to C balance compared to 

the other treatments, its C balance was positively enhanced with C inputs from outside the 

pasture boundary.  It is important to acknowledge that these C inputs came at a cost to C 

accumulation elsewhere. 
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INTRODUCTION 

 Human activities and land use practices have altered local, regional, and global C cycles 

(Vitousek et al., 1997).  Atmospheric concentrations of CO2 have increased from 280 ppm pre-

industrial concentrations (AD 1000 - 1750 [IPCC 2007]) to 385 ppm in 2008 (NOAA 2009).  

Most of these increases are from fossil fuel burning and land use change (IPCC 2001).  In 2001, 

the Kyoto Protocol was expanded from recognition of C fluxes related to afforestation, 

deforestation and reforestation; to include terrestrial C fluxes from land management systems 

including forest management, crop and production systems, and revegetation (Swift, 2001).  The 

terrestrial biosphere is a known sink for CO2 (IPCC 2001), but annual C balance is strongly 

dependent on management.   

 Recognition of additional sources and sinks of C has expanded the focus of potential C 

sequestration to systems such as grasslands (Follett et al., 2001).  Depending on definition, 

grassland ecosystems occupy 31 to 43% of the global land area (Gibson, 2009), and store 28 to 

37 % of the terrestrial soil organic C pool (Lal, 2004).  Improving management of grasslands 

using practices that increase forage production such as fertilization, irrigation, sowing favorable 

grasses and forbs, intensive grazing management, and conversion from cultivation to well 

managed pasture, provides the opportunity to sequester atmospheric C and enhance soil organic 

matter (SOM) (Conant et al., 2001; Soussana et al., 2004).  Conversion from cultivation to 

permanent pasture has been estimated to increase C storage 50 to 100 g C m
-2

 y
-1

 (IPCC 2001).   

The North Central Region of the United States contains ~ 9 M ha of pasture, and within 

this region Wisconsin contains just less than 1 M ha of highly productive subhumid improved 

pasture that is used exclusively for livestock grazing and mechanical harvest of forage (Vough, 
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1990).  Improved pasture is land that has been sown with preferred forage and legume species, 

and is maintained with management inputs including nitrogen fertilization.  Management of 

grazing and harvesting strategies can impact C sequestration by interacting with plant and soil 

communities (Schnabel et al., 2001).  Strategies that increase pasture productivity and improve 

forage quality are thought to provide opportunities to increase C storage.  It is estimated that 

through improved management pastures may sequester an additional 10 to 130 g C m
-2

 y
-1

 (Follet 

et al., 2001).  Conant et al. (2001) examined 23 studies where cultivated lands were converted to 

pasture and 31 studies that used improved grazing as a treatment, conversion from cultivation to 

pasture increased mean annual soil C content by >3%, while changes in grazing management 

increased mean annual soil C in pasture by 2.9%.    

Jackson-Smith et al. (1996) estimated that ~ 15% of all dairy operations in Wisconsin 

maintained some form of grazing as a management strategy.  In 2006, an updated grazing study 

indicated this estimate had grown to ~ 25% (Taylor and Foltz, 2006).  In addition to dairy 

operations the Wisconsin beef industry, which accounts for ~23% of the state‟s total cattle 

population, use grazing as a management tool.  Approximately 40% of beef farmers rotate their 

cattle through pasture, ~33% continuously graze, and the remainder use confinement systems 

(Taylor and Lehmkuhler, 2008a).  While management typically focuses on pasture productivity 

and forage quality by sowing improved plant species and fertility management, intensively 

managing grazing has the potential to enhance SOC (Follett et al., 2001).  Return of nutrients and 

plant-derived C in the form of manure, and the quality and distribution of the C inputs can 

influence C sequestration (Schnabel et al., 2001).  Pastures that are hayed or continuously grazed 

with low stocking densities are thought to have less C sequestration potential, while 

management-intensive rotational grazing is thought to enhance C sequestration.   In a study 
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comparing intensive rotational grazing to extensive grazing and harvesting for hay in the 

southeastern United States, total soil C was 22% higher under the intensive treatment (Conant et 

al., 2003).  In contrast, a study in Manitoba, Canada found no differences in soil C between 

rotationally grazed pastures and pastures grazed continuously regardless of stocking rate 

(Banerjee et al., 2000), and Weinhold et al. (2001) found that soil C content under moderate 

grazing in North Dakota pasture was greater and/or comparable to an ungrazed exclosure, while 

heavy grazing reduced soil C.  Comparison of a remnant prairie with a restored prairie in 

Wisconsin showed that after 70 years the restored site had 37% less stored carbon, and large 

uncertainties in net ecosystem production argue for quantitative studies based on different 

management strategies and methodologies (Kucharik et al., 2006).  While studies have 

considered prairie restoration, grazing effects on riparian systems, conversion of cultivated fields 

to pasture, and grazing comparison studies elsewhere, quantitative studies looking at C balance 

under intensive rotational grazing systems in sub-humid improved pastures are lacking (Schnabel 

et al., 2001).  

Carbon sequestration provides a climate stabilization service to society that has become a 

policy and business issue (Chapin et al., 2006; Smith et al., 2007).  Carbon markets have 

developed without significant scientific backing for the amount of C sequestered.  Current 

practices for the assessment of GHG mitigation – specifically, whether C is being sequestered 

with proposed land management strategies - are limited by methodological gaps in quantifying 

terrestrial C budgets (Cihlar, 2007; Smith et al., 2007).  Published estimates of C exchange have 

been highly variable depending on ecosystem, and have been shown to be variable between years 

(Post and Kwon, 2000; Brye et al., 2002).  Greenhouse gas offsets traded as carbon credit 

contracts provide incentives for land managers to enroll in qualifying programs and increase 
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farm income through incorporation of improved land management.  As markets for carbon 

credits develop and expand, accurate estimates of carbon storage or loss are necessary to inform 

policy and determine the monetary value of land contracts (Chapin et al., 2006; Smith et al., 

2007).          

 We used an ecosystem carbon balance approach to quantify the net ecosystem C 

accumulation or loss in subhumid cool-season grass pastures under four typical livestock 

management practices in the upper Midwest: management-intensive rotational grazing, 

continuous grazing, haymaking, and land that had been set aside with no agronomic 

management.   

METHODS 

Study site  

This study was conducted at the Franbrook Farm, a research property in south-central 

Wisconsin, USA (42°44‟16.65”N, 89°45‟13.27”W).  The climate is continental with warm 

summers and cold winters.  Average temperatures range from ~ -7° C in January to 22 °C in 

July.  For our study period (2006 to 2007) mean temperature range was 0 to 22 and -5 to 21 °C, 

respectively.  Mean annual precipitation is ~ 900 mm, of which ~ 100 mm is from snow.  

Approximately two-thirds of the annual precipitation falls during the growing season, April 

through October.  Yearly precipitation totals for 2006 and 2007 were 691 and 583 mm, 

respectively.  The research area is ~ 26 ha of valley bottom pasture dominated by cool-season 

grasses.  Soils in this area are ~ 90 cm deep and are classified as Otter silt loam (Cumulic 

Endauolls), Arenzville silt loam (Typic Udefluvent), and Huntsville silt loam (Cumulic 

Hapludolls) (USDA, NRCS, 2007).  In the top 15-cm of soil; pH, organic carbon, and total 
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nitrogen are 6.8 (H2O), 4.2, and 0.31 % respectively.  Elevation range at the farm is 265 to 320 m 

above sea level.  

Experimental design  

In April 2005, a randomized complete block (RCBD) field experiment with three blocks 

and four treatments was established.  The four treatments mimicked management-intensive 

rotational grazing (MIRG), continuous grazing (CONT), periodic harvesting of pasture forages 

for hay (HARV), and management removal (NONE) (Fig. 1).  Beginning in May 2005, MIRG 

paddocks (0.6 ha) were grazed by separate 25 cow-calf pair herds (1 pair = 1.3 animal units 

[AU]) at high animal stocking rates (i.e., instantaneous stocking rate of 54 AU ha
-1

) for a brief 

duration of ~ 2 d (i.e., a stocking rate of 108 AU d month
-1

), and then allowed to rest for 28-29 d 

(Paine et al., 1999).  Continuous pastures (8.1 ha) had lower instantaneous stocking rates (i.e., 4 

AU ha
-1

), but pastures were rested only during the 2 d that the herd was confined to the 

paddocks, resulting in a comparable stocking rate to MIRG (i.e., a stocking rate of 112 AU d 

month
-1

).  Plant biomass was mechanically harvested and removed in May and mid-August 

2006, and May and late July 2007 from the HARV plots (0.3 ha) to mimic the making of hay 

typical to confinement operations. Finally, we set aside 0.3 ha plots for no agronomic 

management (NONE) to mimic a conservation reserve program site. To represent standard 

management practice, granular ammonium phosphate (11-44-0) fertilizer was applied at the 

University of Wisconsin Extension recommended rate (57 kg N ha
-1

) to all treatment areas 

except NONE at the beginning of June in 2005, 2006, and 2007. 
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Net primary production  

Starting in May 2006 and continuing through October 2007, aboveground net primary 

production (ANPP) was estimated monthly for both MIRG and CONT.  In the HARV plots, 

biomass production was estimated for three growth periods: April through May, June to mid-July 

in 2006 and June through July in 2007, and from the end of the second growth period through 

October.  Biomass in the NONE treatment was estimated for three growing periods: April 

through June, July through September, and September through October.  Biomass was estimated 

using Leaf Area Index (LAI), which is defined as the amount of leaf area in a canopy per unit 

ground area.  In 2005, at multiple time points throughout the season, LAI was calculated as a 

function of intercepted photosynthetically active radiation (IPAR).  Intercepted PAR was 

determined by measuring incoming PAR above and below the leaf canopy in randomly placed 

0.1-m
2
 quadrats with an AccuPAR LP-80 Ceptometer (Decagon Devices, Inc., Pullman, WA 

[see (Campbell, 1989)]).  Biomass was harvested from these quadrats, dried at 60° C for 48 h, 

and weighed.  An allometric equation was developed from the relationship between LAI 

measured and biomass (r
2
=0.72).  We calculated production in the MIRG and HARV paddocks 

as the difference between pre-grazing/harvest event measurements and post grazing/harvest 

measurements of the previous grazing/harvest event.  For CONT pasture, grazing exclusion 

cages were randomly located and moved each month.  Biomass was estimated inside and outside 

the cage, and monthly production was calculated as the difference in biomass estimated from 

inside the cage minus biomass estimated outside the cage.   

Live and dead fraction was calculated using a line-point transect at the beginning of the 

season in all treatments, and the middle and the end of the season in NONE treatment.  Five 10-

m transects were randomly located in each treatment, and point determinations of live or dead 



42 
 

were made at each decimeter resulting in 100 point determinations in each treatment at each 

sampling date.  Biomass estimates were adjusted by multiplying total biomass by percentage of 

live biomass to reflect incremental growth of live biomass for the given growth period.   

Belowground net primary production (BNPP) was estimated in 2006 and 2007 from root 

in-growth cores (Fahey, 1999).  Five 5-cm diameter × 15-cm deep mesh cores containing a 

neutral soil medium (75% field soil and 25% sand) were installed within each treatment at the 

beginning of the growing season (April).  The cores were harvested at the end of the season 

(October), and the roots were washed free of soil over a 1-mm sieve, dried at 60 °C for 48 h, and 

weighed. 

Plant cover was estimated in late July (2005 through 2007) and late September (2006 and 

2007).  Five 10-m transects were randomly located in a five-die pattern within each treatment 

plot.  At twenty 1-dm intervals along each transect a sharpened point was lowered from above 

the vegetation and the first plant species intercepting the point was recorded (Heady et al., 1959).  

Absolute cover was calculated by dividing species intercepts by total intercepts.  The cover 

estimates by species were categorized into the following functional groups, C3 cool-season 

grasses, perennial legumes, and non-leguminous forbs (Table 1).   

Soil moisture, temperature, and bulk density 

Soil samples were collected monthly from 28 April through 24 October 2006, and from 

14 April through 25 October 2007.  Five soil cores (2.5-cm diameter × 15-cm depth) were 

collected from within each plot.  The samples were hand composited, placed into plastic bags, 

and immediately placed in coolers for transport to University of Wisconsin, Madison.  Fifteen g 

of soil were weighed, oven-dried for 24 h at 105 °C, and then re-weighed for gravimetric soil 
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moisture determination.  Gravimetric moisture content was converted to volumetric water 

content using soil bulk density from each treatment within block.  Daily volumetric moisture 

contents were interpolated between collection dates beginning (~ 1 April) and through the end of 

the growing season (~ 30 November) based on soil temperatures above 0 °C.  In April 2007, we 

estimated soil bulk density by carefully excavating 260.24-cm
3
 (4.72-cm diameter × 15-cm 

depth) soil cores that were returned to the laboratory, dried at 105 °C for 48 h, and weighed to 

determine mass of soil per unit volume soil.  Soil bulk density was 1.16 ± 0.08, 1.19 ± 0.06, 1.14 

± 0.07, and 1.11 ± 0.06 (mean ± SE; n = 3) for CONT, MIRG, HARV and NONE respectively.  

Soil temperature (15-cm depth) was measured monthly at the same time soil respiration 

measurements were made.  Temperature was recorded between 10:00 and 16:00 hours using a 

temperature probe attached to a portable infrared gas analyzer (IRGA) within ~ 0.5-m of the soil 

respiration measurement collar.  For the period of 1 January 2006 through 31 December 2007, 

daily maximum, minimum and average soil temperatures (0 to 10-cm) for Arlington, WI were 

downloaded from the Wisconsin-Minnesota (WI-MN) Cooperative Extension Agricultural 

Weather webpage (http://www.soils.wisc.edu/wimnext/weather.html).  Daily maximum 

temperatures from WI-MN were correlated with daily temperatures interpolated from monthly 

on-site measurements (slope and 95% confidence intervals: 0.7 [0.7, 1.85]; r
2
 = 0.89) using the 

OLS bisector method (Isobe et al., 1990) [see method explanation below]).  To represent soil 

temperature over a 24 h period, daily average plot temperatures were then calculated using the 

WI-MN daily average soil temperature, corrected to plot temperatures by difference between 

WI-MN daily maximum and the interpolated daily maximum. 

 

http://www.soils.wisc.edu/wimnext/weather.html
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Soil respiration 

Soil respiration (Rs) was measured using a Li-Cor 6400 portable CO2 IRGA (Li-Cor 

Biosciences, Lincoln, NE, USA) equipped with a LI-6400-09 Rs chamber (Norman et al., 1992; 

Norman et al., 1997).  As with soil temperature, the Rs measurements were made monthly 

between 10:00 and 16:00 hours.  Four circular thin-walled (3.2 mm) polyvinyl chloride (PVC) 

collars (10-cm diameter × 5-cm height) were driven 2.5-cm into the soil surface at random 

locations within each treatment plot, and were repositioned for each sample date.  The 

measurement protocol produces four estimates of CO2 flux (each estimate an average of three 

CO2 flux determinations) for each treatment plot per sample date.  

 To assemble annual C budgets, it is necessary to estimate daily Rs to gap fill the data 

when no direct measurements have been made.  Two nonlinear models for predicting Rs were 

developed by Norman et al. (1992).  They compared modeling Rs as 1) a function of soil 

temperature (T) and volumetric water content (θ), and 2) soil temperature, volumetric water 

content and LAI.  Both models were found to be an acceptable predictor of Rs, although the 

inclusion of LAI improved the predictive ability of the model.  Mowing and grazing can 

significantly alter Rs by reducing both canopy photosynthesis and C translocation to the 

rhizosphere (Bremer and Ham, 2002).  In systems that are managed with grazing and haying, 

including LAI in models of Rs can improve the predictive accuracy of gap filling models (Bremer 

and Ham, 2002).  To estimate daily rates of flux, nonlinear least squares regression was used to 

model Rs between sample dates.   Daily rates were then summed to estimate annual Rs, the mass 

of C per unit area respired.  Correlation plots of Rs against temperature showed that Rs behaved 

quite differently by season.  Separate models for spring and fall were fit to 48 observations for 



45 
 

2006, and 2007.  For summer, models were fit to both 2006 and 2007 data separately (36 

observations for each year).  The exponential model was as follows: 

Rs = a + b exp (c T + d θ + e LAI)  

To validate the predictive ability of each of the Rs models developed, the relationship of the 

slopes between observed Rs (oRs) and predicted Rs (pRs) were tested using the OLS bisector 

method (Isobe et al., 1990).  An accurate model will result in a slope not significantly different 

from 1 when regressing oRs against pRs.  Since there is uncertainty in both oRs and pRs, it is not 

clear whether oRs should be regressed on pRs, or vice versa.  The OLS bisector method 

alternatively regresses oRs on pRs and pRs on oRs, which ascertains the slope of the ordinary 

least squares fit by bisecting the fit from the separate regressions.  Confidence intervals (95%) 

were calculated by bootstrapping (Crawley, 2002) the OLS bisector slope 500 times to determine 

whether it bounded the 1:1 line.  

 Net ecosystem carbon balance 

Net ecosystem carbon balance (NECB) is defined as the net rate of C accumulation or 

loss from an explicitly defined ecosystem (Chapin et al., 2006).  For this study the ecosystem is 

delineated by the plant canopy, the rhizosphere, and the pasture boundary fences.  Verification of 

soil C changes may require long-term experiments, while changes over short time periods can be 

measured over one or more growing seasons using the net balance of inputs and outputs.  Net 

Ecosystem Carbon Balance measured annually for our pasture ecosystem is described by the 

equation: 

NECB = NPP + Ih + Ig  – Rs - Eh - Ecb - Fch4 - Fco2 – DOC,                                               (1) 
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where NPP is equal to the sum of annual ANPP + BNPP and equals total litter inputs to the soil.  

Grassland intra-annual root turnover is highly variable with reported values ranging from 0.21 to 

1.58 (Gill and Jackson, 2000).  Root turnover was not measurable with root in-growth cores 

harvested at season end; therefore NECB was calculated using root production estimates from 

harvested root ingrowth cores increased 53% to adjust for turnover (Gill and Jackson, 2000).  

Total root profile was not captured with root ingrowth cores to 15-cm depth, so in addition to the 

fine root turnover correction we provide estimates of BNPP where 66% of root production was 

realized in the upper 15-cm (Jackson et al., 1996; Crush et al., 2005).  The equation used to 

calculate BNPP was: 

 BNPP = Fr × Dc × τ 

where Fr is live fine root biomass (estimated from root ingrowth cores), Dc is a correction for 

sampling depth, and τ is turnover rate.  Additional inputs to the ecosystem include import of hay 

(Ih) and grain (Ig) as supplemental feed.  An accounting of hay and grain supplementation was 

kept on a daily basis and summed for the year.  Fractional C contents of aboveground and 

belowground plant biomass for each treatment, and imported hay, were determined by flash 

combustion on finely ground subsamples of dried plant material (~10 mg) using a Flash EA 1112 

CN Automatic Elemental Analyzer (Thermo Finnigan, Milan, Italy).   The C fraction of grain 

was assumed to be 45% (Latshaw and Miller, 1924; Ma and Dwyer, 2001).    

Carbon fixed in the ecosystem and lost as a result of heterotrophic respiration was 

estimated from soil respiration where; Rh is fixed C loss and is soil CO2 efflux (heterotrophic 

respiration [Rh] + autotrophic respiration [Ra]) - Ra (adapted from (Hanson et al., 2000).  

Separating Rh and Ra for quantification is difficult, and investigation of methodologies is beyond 
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the scope of this study.  Results from grasslands have been varied, with reported Ra ranging from 

10 to 80% (Hanson et al., 2000).  We adopt a value near the middle of this range, 53% from 

pasture as reported by Robertson et al. (1995).  This value for Ra is similar to other findings for 

pasture and glasshouse experiments from cool-season grasses (Byrne and Kiely, 2006; Chen et 

al., 2006), and from modeling approaches taken by Bond-Lamberty et al. (2004) and Raich and 

Schlesinger (1992).  Plant shoots were clipped prior to soil CO2 efflux measurement, so Rs 

excludes shoot respiration.  Our estimates of NECB also included C exported across the pasture 

boundary.  In the HARV treatments hay exports (Eh) were estimated as ANPP produced over two 

cutting cycles.  Hay was harvested for the period of April through mid-May, and mid-May 

through mid-August in both years.  Carbon fraction was determined by NIR.  Carbon leaving the 

pasture as livestock biomass (Ecb) was determined as calf body weight × 23% (Emsley, 1989).  

Brood cows were assumed to be the same weight when they were taken off as when they were 

put on the pasture.  

 Following the Food and Agriculture Organization of the United Nations (FAO), and 

Johnson and Johnson (1995), CH4 C lost was estimated as 6% of digestible energy (DE): 

CH4 C (g d
-1

) = DE × 0.06, 

where DE is estimated as 6% of net energy intake (NEI), which in turn is estimated as 62.9% of 

DMI.  To estimate C lost through livestock respiration we use the equation developed by 

Kirchgessner et al. (1991): 

CO2 C (kg d
-1

) = -1.4 + 0.42 DMI + 0.045 W, 

where W is metabolic live weight (kg weight
0.75

).  And finally, we assume dissolved organic 

carbon (DOC) is negligible (Leake et al., 2006; Rasmussen et al., 2007).   
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Statistical analysis 

Averages calculated from sub-samples within each experimental unit (paddock) were 

used in ANOVA linear mixed-effects (LME) modeling using the maximum likelihood algorithm.  

All modeling was done using S-Plus 7.0 (Insightful Corp., Seattle, WA, 2005).  Saturated models 

were constructed to analyze response variables (y) as a function of management treatments (Tj), 

once we accounted for the random effect of block (b).   

yijk  = β0 + Tj + (b)k + εijk 

i = (1,…, 12), j = (1,…, 4), k = (1, 2, 3) 

bk ~ N (0, σ1
2), εijk ~ N (0, σ

2
) 

  To test the significance of the fixed effect, we dropped the treatment term and compared 

a model with only the intercept term to the model including the treatment term using likelihood 

ratios (Crawley, 2002).  If models were significantly different (P < 0.05), the model with the 

lower Akaike‟s information criterion (AIC) was retained.  If not, we selected the simpler model.  

If treatment was significant, treatment levels were sequentially collapsed and subsequent models 

were compared with likelihood ratio tests using the same approach of model selection.  Separate 

model selection procedures were run for each year (2006 and 2007) to test for treatment effects 

on ANPP, BNPP, Rs, and NECB.   

RESULTS 

Plant community 

Estimates of cover by functional group showed no significant directional trends between 

years for all treatments except for an increase in grass cover in the HARV treatment (Fig. 2).   
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Modeling CO2 flux 

Separate models by season for spring and fall, and by season and year for summer, 

allowed us to predict Rs accurately.  The slope of the validation lines for spring and fall were 

shallower and in closer relation to the 1:1 line (panels A and D; Fig.3) than the validation lines 

for summer of both years (panels B and C; Fig.3), but the 95% confidence intervals for all 

predictive equations bounded the 1:1 line.  Fall had the least scatter around the 1:1 line, followed 

by spring, summer 2006, and summer 2007 (Fig. 3). 

Ecosystem carbon inputs 

Treatment effect on ANPP was significant (models 1 and 9; Table C1) with MIRG 

contributing significantly greater aboveground biomass in both 2006 and 2007 (Fig. 4).  

Aboveground NPP in CONT was significantly greater than HARV in 2006, but there were no 

differences between these treatments in 2007 (models 4 and 12; Table C1).  The pasture system 

under management for harvest, be it grazing or hay making, was relatively productive with 

ANPP estimates ranging from 621 to 1231 g dry matter m
-2

 y
-1

 (Fig. 4).  In both years the NONE 

treatment produced the least biomass, with ANPP totals that were 26 and 22% of MIRG totals 

for 2006 and 2007, respectively (Fig. 4).  Treatment also had a significant effect on BNPP in 

both years (models 1 and 7; Table C2).  Root production in CONT and MIRG was significantly 

less than HARV and NONE in 2006, and CONT, MIRG, HARV were all significantly less than 

NONE in 2007 (Fig. 4).  Across both years, C contribution (g m
-2

) to NPP from root biomass in 

the NONE treatment was ~3.5 times that of the grazed treatments (64 vs. 21 and 17% for CONT 

and MIRG, respectively), and ~2 times the HARV treatment (33%).  Belowground production 

across both years ranged from 153 to 594 g dry matter m
-2

 y
-1

 (Fig. 4). 
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 Only the grazed treatments received supplemental feed inputs which represent a major 

import of C into the system.  Across both years, CONT and MIRG received C imports in the 

form of hay and grain that were 27 (CONT), and 20% (MIRG) of the total C inputs from these 

treatments into their NECB (Table 1). 

Ecosystem carbon exports 

Heterotrophic respiration represents the major source of C loss from our pasture C budget 

(Table 1).  Treatments resulted in significant differences in Rs for both years (models 1 and 7; 

Table C3).  Carbon lost as Rs was greatest in CONT and MIRG for 2006 (models 3-6; Table C3), 

but this pattern changed in 2007 with significantly greater C loss from CONT than all other 

treatments (models 9-14; Table C3). 

 The second greatest loss of C was realized in the HARV treatment as biomass harvest 

(Table 1).  In 2006, C exported as hay was 36% of total C lost to the NECB for HARV.  There 

was similar loss in 2007, with exported hay resulting in 33% of C detriment to the budget.  

Carbon losses in both years significantly altered the NECB for the HARV treatment, without 

biomass export, the value for 2006 would have been less negative and similar to the loss realized 

in MIRG (-127 and -108 g C m
-2

 y
-1

 for HARV and MIRG, respectively).  In 2007, the biomass 

export was of even greater import as the sign for NECB would have changed from -192 to 65 g 

C m
-2

 y
-1 

without biomass removal.  

 Carbon lost through livestock respiration was also a major export pathway.  In 2006 

livestock respiration produced losses of 207 and 209 g C m
-2

 y
-1

 for CONT and MIRG, 

respectively.  This loss was slightly greater in 2007, with CONT losing 223, and MIRG losing 

225 g C m
-2

 y
-1

 (Table 1).  Across both years, these losses account for 27% of C detriment to 
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NECB in both CONT and MIRG.  Other pathways for C loss, albeit of less magnitude, were C 

lost as CH4 (3% for both CONT and MIRG), and C exported as livestock biomass (< 1% for 

CONT and MIRG) (Table 1).   

Net ecosystem carbon balance 

There was a significant effect of treatment and associated C imports and exports on the C 

balance of our cool-season grass pastures (models 1 and 9; Table C4).  Management-intensive 

rotational grazing lost significantly less C in 2006 than all other treatments, and in 2007 MIRG 

was the only treatment that was a sink for C (Fig. 5).  Our model of NECB resulted in an average 

C change across both years of  -219 ± 31, -3 ± 46, -287 ± 16, and -195 ± 5 g C m
-2

 y
-1

 (mean ± 

S.E.) for CONT, MIRG, HARV, and NONE, respectively (Fig. 5).     

DISCUSSION   

The net rate of C exchange across an explicitly defined ecosystem boundary determines 

whether that ecosystem is a C source or a sink over a given period of time.  High spatial 

variability makes changes in soil C from direct soil measurements difficult to detect over periods 

less than decadal (Brye et al., 2002).  But net ecosystem carbon balance estimates are a good 

approximation of this C exchange (Chapin et al., 2006).  To our knowledge, this study is a 

unique examination of the C budgets of grazed pastures in the upper Midwest.  With one 

exception (MIRG in 2007) all treatments resulted in net C loss in both years.  Others have found 

grassland ecosystems to be C neutral (Suyker and Verma, 2001; Owensby et al., 2006), net C 

sinks (Dugas et al., 1999; Frank and Dugas, 2001; Sims and Bradford, 2001; Soussana et al., 

2007), or net C sources (Bellamy et al., 2005; Kucharik et al., 2006; Schipper et al., 2007; Chou 

et al., 2008; Skinner, 2008).  These disparate findings point to the high degree of sensitivity of 
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ecosystem C balance to weather patterns, soil characteristics, and type of management.  

Therefore, generalization of grassland C balance is not recommended and particular biophysical 

and management combinations must be considered.     

Net primary production drove treatment differences, but this was dominated by greater 

ANPP.  The greater ANPP we observed in the grazed and haying treatments were most likely 

influenced by 1) maintenance of individual plants in a state of constant regrowth (variability in 

sward height was almost double in CONT plots when compared to the MIRG plots [data not 

shown]), 2) relatively little plant community change during the study period, 3) retention 

preferred productive species (Ch 1), and 4) increased rates of N mineralization (Ch 1).  Reduced 

BNPP in the grazed and hayed treatments were likely the result of accelerated nitrogen cycling 

rates, which have been shown to reduce root growth (Bardgett et al., 1998; McNaughton et al., 

1998). 

While ANPP drove our pasture C balance, it is important to note our shoot-to-root ratio 

was greater than 1.  This is opposite of what is typical of prairie in the Midwest where roots of 

native grasses are generally more productive than their shoots (Wilsey and Polley, 2006).  Our 

results suggest that grasslands dominated by introduced cool-season forage species have a 

greater flow of energy through aboveground biomass, and less energy stored belowground than 

native prairie.  This has important ramifications for potential C sequestration and caution must be 

taken in extrapolating our C balance results across all grassland ecosystem types.        

Carbon inputs as supplemental feed were critical drivers of the source-sink determination 

of the grazed treatments.  Viewed over the 2 year period, MIRG was neutral with respect to C 

balance, and the magnitude of C lost in the CONT treatment was reduced.  In both cases this was 

a result of C imported as hay and grain.  The next greatest driver of source-sink determination 
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was metabolic respiration and enteric fermentation of livestock in the CONT and MIRG 

treatments, and biomass harvest for export in the HARV treatment.  These losses were similar in 

magnitude for respiration and enteric fermentation, and biomass export, respectively.  Without 

changing stocking rate, the losses from respiration and fermentation are unavoidable.   

A useful exercise is to determine the pasture C balance with lower stocking rates.  Lower 

stocking rates reduce respiration and enteric fermentation costs, and possibly offset the need for 

imported C in the form of supplemental feed.  For example, in the most productive treatment 

MIRG, a reduction in stocking rate of 30% would be required to eliminate supplemental feed, 

assuming a constant and adequate supply of forage through the summer.  A concomitant 30% 

reduction in respiration, enteric fermentation, and livestock biomass export would result in an 

average yearly C loss of 90 g C m
-2

.  Across the 2 years of this experiment, a reduction from 4 to 

2.5 AU ha
-1

 would have been required for the MIRG plots to be C neutral.  One possible option 

for beef and dairy farmers to offset organic C export is to use harvested biomass to summer 

supplement their livestock.  Biomass harvested, if used within the bounds of the pasture system 

in which it was grown would result in no net C lost to export.  If this biomass was used in the 

CONT or MIRG plots, average change to the C balance would have been a loss of 124 g C m
-2

  

y
-1

 in the CONT treatment, and a gain of 93 g C m
-2

 y
-1

 in the MIRG treatment.  For the given 

year in which they were harvested, the C change in HARV plots would reflect C exported to 

other parts of the pasture system, which could be rotated through the paddock system on a yearly 

basis. 
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CONCLUSIONS 

 The potential for C neutrality in perennial pasture exists, but the C balance of these 

ecosystems can be affected by management.  Perhaps more important, imports and exports of C 

from pastures should be accounted for at scales broader than the pasture under consideration.  

When pasture NECB budgets consider all cross boundary transfer of C, management strategies 

other than those focused on increasing production can also affect where and how C is gained or 

lost.  
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FIGURES 

 

 
 
Fig. 1. Layout of Randomized Complete Block Design (RCBD) field experiment with three blocks 
and four treatment designated by number as: (1) management intensive rotational grazing 
(MIRG), (2) continuous grazing (CONT), (3) periodic harvesting of pasture forages for hay 
(HARV), and (4) management removal (NONE). 
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Fig. 2. Mean percent cover by year of C3 cool-season grasses, perennial legumes, and non-
leguminous forbs in: (A) continuous grazing, (B) management-intensive rotational grazing, 
(C) harvest, and (D) no management over the course of 3 experimental years.  Significant 
differences determined with ANOVA linear mixed-effects model selection, p<0.05.  Error 
bars show ± SE, n = 3. 
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Fig. 3. Scatter plots of actual observed soil respiration (oRs) and the predicted soil respiration 
(pRs) in; (A) spring, (B) summer 2006, (C) summer 2007, and (D) fall using models developed 
from original data. Solid lines indicate 1:1 and dotted lines the ordinary least squares (OLS) 
bisector regression line. Ordinary least squares bisector slope estimates, along with their 
bootstrapped 95% confidence intervals, were used to validate the models. 
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Fig. 4. Aboveground net primary production (ANPP) and belowground net primary production 
(BNPP) for 2006 and 2007. Error bars show ± SE, n = 3. Means of ANPP and BNPP shown with 
different letters were determined to be significantly different using ANOVA linear mixed-effects 
model selection, p<0.05.  
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Fig. 5. Net ecosystem carbon balance (NECB) for 2006 and 2007. Error bars show ± SE, n = 3. 
Means of NECB shown with different letters were determined to be significantly different using 
ANOVA linear mixed-effects model selection, p<0.05. 
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Chapter 3. Subhumid pasture soil microbial communities affected by grazing, but not 

grazing management  

ABSTRACT 

In grasslands managed for livestock production, spatial and temporal patterns of biomass 

removal, soil disruption, and manure deposition may differentially affect soil microbial biomass 

and composition leading to altered nutrient cycling rates that feedback to management.  

Management-intensive rotational grazing has been shown to stimulate net primary production in 

subhumid pasture compared to extensive grazing strategies.  The degree to which this is a direct 

effect on plant developmental stage and community composition, and/or the indirect effects of 

grazing on microbial community structure and nutrient feedback to production is an open 

question.  To better understand the effects of pasture management on microbial communities, we 

used a hybrid phospholipid fatty acid and fatty acid methyl ester analysis to assess microbial 

biomass, fungal-to-bacterial ratios, and lipid biomarkers in surface soils under four pasture 

management treatments - management-intensive rotational grazing, continuous grazing, 

harvesting for hay, and an unmanaged control.  We assessed microbial community structure with 

principal components analysis.  Regression trees and linear mixed-effects models were used to 

explore factors related to microbial community response to management.  While there was no 

effect of pasture management treatments on total microbial biomass, microbial community 

structure under our two grazed treatments differentiated themselves from ungrazed treatments.  

Guild comparisons revealed lower fungal-to-bacterial ratios, lower arbuscular mycorrhizal fungi 

concentrations, and higher actinomycete biomarkers in soil under grazing.  Gram positive and 

anaerobic bacteria biomarkers were significantly greater in treatments that included grazing and 

grazing removal when compared to the treatment where biomass was harvested mechanically.  
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There was no evidence of treatment effects on either Gm- bacteria or saprotrophic fungi.  Our 

results provide evidence that there was a general effect of grazing on soil microbial communities, 

but different grazing management did not affect microbial community composition or biomass.  

These results indicate that higher production observed with management-intensive rotational 

grazing likely stems from the direct effects of grazing on plant developmental stage and plant 

community composition rather than nutrient feedbacks mediated by altered quantity and quality 

of plant litter.   
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INTRODUCTION 

The effects of grazing management on ecosystem structure and function are highly 

variable, but an emergent pattern indicates that effects are mediated by the degree of water 

limitation.  In arid and semi-arid regions, grazing intensity - usually quantified as the amount of 

biomass removed or remaining over some period - appears to be the most important driver of 

productivity and composition (Barnes et al., 2008; Briske et al., 2008).  However, in more mesic 

climates, management of the timing and spatial distribution of livestock is of paramount 

importance to maintaining or improving net primary production (NPP) (Fales et al., 1995; Burke 

et al., 1998).  In these environments, grazing may enhance pasture production directly via effects 

on plant developmental stage and community composition (Fig. 1A and B) and/or indirectly by 

making nutrients more available to plants from excreta (Fig. 1C), and enhanced litter quality 

(Fig. 1D) leading to accelerated nutrient mineralization (Frank and Groffman, 1998).  In the 

latter scenario, where nutrient mineralization is accelerated, an open question is whether this 

effect is related to altered microbial communities.   

A tenet of management-intensive rotational grazing is that it maintains sward structure in 

a state of constant regrowth from defoliation (Voisin, 1959; Gerrish, 2004).  The main way this 

is accomplished is by grazing frequently enough that grasses do not enter their reproductive stage 

(Turner et al., 1993).  A second tenet is that by maintaining a uniform stand of dense regrowing 

grass, the pasture is resistant to invasion or increase of unpalatable lower productivity species, 

i.e., a community-level effect (Milchunas and Lauenroth, 1993; Augustine and McNaughton, 

1998; Bardgett and Wardle, 2003).  In addition to these direct effects, proponents of 

management-intensive rotational grazing claim increased grazing pressure - more animals for a 
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given area but for short duration - confers potential benefits to cycling of organic material 

through plant break down and incorporation into the soil by trampling (Southorn, 2002).  Also, 

more uniform return of manure may reduce spatial variability of inputs, whereas grazing on a 

rotation schedule may reduce temporal variability of inputs (Bardgett et al., 1997).   

Bardgett et al. (1998) suggested that frequent defoliation favors faster rates of nutrient 

cycling dominated by labile substrates and bacteria, while less frequent defoliation should favor 

a slower rate of nutrient cycling dominated by more resistant substrates and fungi.  Numerous 

studies have shown that grazing addition, or increasing the intensity of grazing may result in 

lower fungal-to-bacterial ratios in soil microbial biomass (Bardgett et al., 1996; Bardgett et al., 

2001; Grayston et al., 2004).  Defoliation has been shown to 1) lower the C:N of litter inputs 

through increased nutrient content in shoots and roots (Holland and Detling, 1990; Hamilton and 

Frank, 2001), 2) affect short term carbon (C) allocation belowground and enhance root exudation 

to the rhizosphere (Mawdsley and Bardgett, 1997; Hamilton et al., 2008), and 3) accelerate litter 

decomposition rates by returning labile substrates to the soil as excreta (Holland et al., 1992; 

Frank and Groffman, 1998).  As a consequence, intensively grazed pastures tend to have higher 

C and N mineralization rates (Holland et al., 1992; Bardgett et al., 1997; Frank and Groffman, 

1998; Patra et al., 2005; Attard et al., 2008; Klumpp et al., 2009), which ostensibly promote 

aboveground biomass production (Klumpp et al., 2007).  Conversely, cessation or reduction of 

grazing intensity leads to fungal based decomposer communities with concomitant rate 

reductions in key ecosystem processes (Bardgett et al., 1996; Bardgett et al., 2001; Grayston et 

al., 2004).  

While the above pathways are well established, they have been mainly studied under 

constant disturbance, no disturbance, or in the case of grazing management with unequal grazing 
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pressure, i.e., testing the notion that productive systems under rotational grazing can support 

greater livestock densities (Bardgett et al., 2001; Wardle et al., 2004; Briske et al., 2008).  Here, 

we test the extent to which four pasture management strategies typical of the upper Midwest 

affect soil microbial biomass and communities.  We then explore potential predictors of 

community patterns.  Finally, we discuss how the observed patterns in microbial parameters 

relate to key ecosystem processes observed in Chapters 1 and 2.  

METHODS 

Study site  

  This study was conducted at the Franbrook Farm, a research property in south-central 

Wisconsin, USA (42°44‟16.65”N, 89°45‟13.27”W).  The climate is continental with warm 

summers and cold winters; average daily temperatures range from ~ -7° C in January to 22 °C in 

July.  For our study period (2006 and 2007) mean temperature ranged from 0 to 22 and -5 to 21 

°C in January and July, respectively.  Mean annual precipitation is ~ 900 mm, of which ~ 100 

mm is from snow.  Approximately two-thirds of the annual precipitation falls during the growing 

season, April through October.  Yearly precipitation totals for 2006 and 2007 were 691 and 583 

mm, respectively.  The research area is ~ 26 ha of valley bottom pasture dominated by cool-

season grasses.  Soils in this area are ~ 90 cm deep and are classified as Otter silt loam (Cumulic 

Endauolls), Arenzville silt loam (Typic Udefluvent), and Huntsville silt loam (Cumulic 

Hapludolls) (USDA, NRCS, 2007).  In the top 15 cm of soil, pH, organic carbon, and total 

nitrogen are 6.8 (H2O), 4.2, and 0.31 % respectively.  Elevation range at the farm is 265 to 320 m 

above sea level.  
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Experimental design  

In April 2005, a randomized complete block (RCBD) field experiment with three blocks 

and four treatments was established.  The four treatments mimicked management-intensive 

rotational grazing (MIRG), continuous grazing (CONT), periodic harvesting of pasture forages 

for hay (HARV), and no active management (NONE) (Fig. 2).  Beginning in May 2005, MIRG 

paddocks (0.6 ha) were grazed by separate 25 cow-calf pair herds (1 pair = 1.3 animal units 

[AU]) at high animal stocking rates (i.e., instantaneous stocking rate of 54 AU ha
-1

) for ~ 2 d 

periods and then allowed to rest for 28-29 d (Paine et al., 1999).  Continuous pastures (8.1 ha 

each) had lower instantaneous stocking rates (i.e., 4 AU ha
-1

), but were rested only during the 2 d 

that the herd was confined to the MIRG paddocks, resulting in a comparable monthly stocking 

rate (i.e., a stocking rate of 112 AU d month
-1 

compared to 108 AU d month
-1

 for MIRG).  In 

HARV plots (0.3 ha) plant biomass was mechanically harvested and removed in May and mid-

August 2006, and May and late July 2007 typical of haymaking operations. Finally, we set aside 

0.3 ha plots for no agronomic management (NONE).  To represent standard management 

practice, granular ammonium phosphate (11-44-0) fertilizer was applied at the University of 

Wisconsin Extension recommended rate (57 kg N ha
-1

) to all treatment areas except NONE at the 

beginning of June in 2005, 2006, and 2007. 

Soil sampling for lipid extractions 

 Five 4.8-cm diameter soil cores were removed from the surface 15-cm in each treatment 

plot in April, July, and October of 2006, and April and October of 2007.  Soils were placed in 

labeled plastic bags and stored in a cooler for transport to UW-Madison where they were 

immediately placed in cold storage at 4 °C until processing.  Within 48 h of collection, soils were 



73 
 

sieved (2-mm) free of rocks and roots, and hand homogenized.  Subsamples (3 g) were weighed 

out, lyophilized, and stored at -20 °C until used for lipid extraction analysis.   

Phospholipid fatty acid analysis 

 Membrane lipids were extracted from the soil (White, 1998), purified and identified using 

steps from a modified Bligh and Dyer (1959) method for phospholipid fatty acid extraction 

(PLFA) which was combined with fatty acid methyl ester (FAME) analysis as described by 

Microbial ID Inc. (Hayward, CA).  Lipids were extracted from 3 g of homogenized freeze-dried 

soil using a chloroform-methanol extraction with a phosphate buffer.  Then, following the 

procedure for FAME given by Microbial ID Inc., fatty acids were saponified by adding sodium 

hydroxide, followed by strong acid methanolysis.  A 2-ul FAME aliquot was analyzed using a 

Hewlett-Packard 6890 Gas Chromatograph equipped with a flame ionization detector and an 

Ultra 2 capillary column (Agilent Technologies, Santa Clara, CA).  The gas chromatograph 

method and lipid peak identification were carried out using MIDI peak identification software 

and bacterial fatty acid standards (“Sherlock microbial identification system”, MIDI Inc., 

Newark, DE).  Fatty acids were quantified and converted to nmol lipid g soil
-1

 using peak areas 

from two internal standards of known concentrations, nonanoic methyl ester (9:0) and 

nonadecanoic methyl ester (19:0).   

Total nmol lipid g soil
-1 

was used as an index of microbial biomass and to calculate 

fungal-to-bacterial ratio (F:B)(White et al., 1979; Zelles et al., 1992; Balser et al., 2005).  The 

relative contribution of specific lipid biomarkers to the microbial community was determined by 

calculating the moles of a given lipid/total moles lipid per sample (mol%). We then combined 

the mol% of chemically similar fatty acids into groups representing segments of the microbial 
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community, commonly referred to as „guilds‟.  Only fatty acids that were identifiable and present 

in amounts greater than 0.5 mol% were used for analyses (Table 1 shows guild composition of 

fatty acids used in our analysis).   

Soil sampling for environmental and physical data 

Soil from cores was also used for collection of ancillary environmental and physical data.  

Triplicate 10 g subsamples were weighed out, with: one subsample for gravimetric water content 

(GWC) determination (24 h @ 105 
o
C), one subsample for immediate inorganic N extraction in 2 

M KCl, and one that was aerobically incubated for a period of seven days and then extracted to 

measure nitrification, ammonification, and net N mineralization following Robertson (1999).  

Extracts were frozen prior to colorimetric NH4
+
 (method #12-107-06-2-A) and NO3

-
 (method 

#12-107-04-1-B) determination on a Lachat QuikChem flow injection analyzer (Lachat 

Instruments, Milwaukee, WI).  Soil temperature (15-cm depth) was measured and recorded on all 

sample dates.  In April 2007, we estimated soil bulk density by carefully excavating 260.24-cm
3
 

(4.72-cm diameter × 15-cm depth) soil monoliths that were returned to the lab, dried at 105 
o
C 

for 48 h, and weighed to determine mass of soil per unit volume soil. 

Vegetation sampling for environmental data 

To estimate quality of aboveground detrital inputs, grab samples of aboveground biomass 

were harvested monthly from April to October in 2006 and 2007.  Five random samples of 

standing biomass were harvested from each treatment, composited, and then dried at 65 °C for 

48 h.  Samples were ground through a 1-mm screen in a Model 4 Wiley mill (Thomas Scientific, 

19 Swedesboro, NJ), and analyzed at the University of Wisconsin Forage Lab (Madison, WI) by 

Near Infrared Reflectance Spectroscopy (NIRS) using a Foss NIR Model 6500 (Foss 
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NIRSystems Inc., Laurel, MD).  We used Relative Forage Quality (RFQ), which is a single 

numeric index that reflects the sum of forage quality attributes measured in a forage sample.  For 

belowground inputs, root biomass was collected from five 4.72-cm diameter × 15-cm deep mesh 

cores containing a neutral soil medium (75% field soil and 25% sand) installed within each 

treatment at the beginning of the growing season (April).  These cores were harvested at the end 

of the season (October), and the roots were washed free of soil over a 1-mm sieve, and dried at 

60 °C for 48 h.  Fractional C and N contents of aboveground and belowground plant biomass 

were determined by flash combustion on finely ground subsamples of dried plant material (~10 

mg) using a Flash EA 1112 16 CN Automatic Elemental Analyzer (Thermo Finnigan, Milan, 

Italy). 

Statistical analysis 

 To assess community structure, multivariate analysis of arcsine transformed mol fractions 

of individual lipids was performed with principal components analysis (PCA) using JMP 5.0 

(SAS Institute Inc., Cary, NC).  Also, to assess the variability of fixed and random effects 

(date/block/treatment/subsample) along the first two principal component axes (PC1 and PC2), a 

linear mixed-effects (LME) model was constructed to fit the variance parameters around the 

grand mean (intercept).  The resulting random effects parameter estimates are the standard 

deviations of each source of variation.  For a given response variable, the variation was 

standardized by calculating the coefficient of variation (CV%) - dividing the parameter estimate 

by the grand mean.  To relativize variability for a given response variable, CV% was divided by 

the sum of all CV% for that given component.  Principal components 1 and 2 were analyzed 

using MANOVA to determine whether treatments had an effect on microbial community 
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composition.  Linear mixed-effects models were then constructed to determine specific treatment 

effects on PC1 and PC2. 

Subsamples within each experimental unit (paddock) were used in ANOVA LME 

modeling using a restricted maximum likelihood (REML) algorithm (Pinheiro and Bates, 2000).  

All modeling was done using S-Plus 7.0 (Insightful Corp., Seattle, WA, 2005).  Models were 

constructed (Burnam and Anderson, 1998) to analyze response variables as a function of the 

fixed effects of management (treatment), accounting for the random effect of subsample nested 

within block nested within date (date/block/subsample).  Improvements to subsequent models by 

dropping random effects terms or including a correlation function parameter were assessed with 

likelihood ratio tests for pairwise model comparison (Crawley, 2002).  Once the random effects 

structure was determined, the significance of fixed effects was determined using Wald-type       

F-tests while treatment-level differences were inferred from P-values associated with t-tests of 

significance (P < 0.05) for each parameter estimate (Pinheiro and Bates, 2000).  If treatment was 

significant, treatment levels were sequentially collapsed and subsequent models were compared 

using the maximum likelihood algorithm using the model selection approach described above.  

Separate model selection procedures were run with response variables of total microbial 

biomass, F:B, and abundances of Gm+ and Gm- bacteria, arbuscular mycorrhizal fingi (AMF), 

saprotophic fungi, and actinomycetes.  Fungal to bacterial ratio was log transformed (log[y+10]), 

and AMF was square root transformed (sqrt[y]) to normalize the data.  

To understand potential mechanisms for the treatment effects on soil microorganisms, 

average mol% from each experimental unit was used in regression trees to predict which 

environmental variables explained the most deviance for the response variables in which 

treatment was significant.  Regression trees are a method for partitioning and exploring the 



77 
 

structural pattern in data when there are many, potentially interacting, explanatory variables 

(De'ath and Fabricius, 2000; Crawley, 2002).  They explain the deviance of the selected response 

variable by assessing each explanatory variable in turn and then iteratively splitting the data into 

subsets using combinations of explanatory variables that best reduce the response variable 

deviance.  This process is repeated until no further reduction in deviance is obtained or there are 

too few data points to justify further subdivision (Crawley, 2002).  Trees can be „pruned‟ to 

reduce nodes based on the significance of subset deviance explained.  We pruned the trees by 

testing whether resulting subsets were significantly different using paired t-tests (P < 0.05), 

retaining only significantly different nodes.  The candidate predictor variables included: relative 

forage quality, shoot C:N, root C:N, soil C:N, net N mineralization, net nitrification, net 

ammonification, soil NO3
-
  pool, soil NH4

+
 pool, soil bulk density, soil gravimetric water 

content, and soil temperature, in addition to the random effects of date, block and subsample. 

Once candidate predictor variables were identified for each response variable, a model 

was fit either using linear regression or LME depending on whether the random effect of date, 

block, or subsample was identified as explaining substantial deviance.  In the case of linear 

regression models, simplification was performed by using Akaike Information Criterion (AIC) 

and log likelihood tests.  A summary of the model was performed to determine significance for 

all predictor variables (P < 0.05), the least significant terms were then removed in sequence and 

subsequent models were tested for an increase in model deviance.  The minimally adequate 

model was retained to quantify significance of the predictor variable using t-tests.  For LME 

models, model simplification was as described above.  
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RESULTS 

Treatment effects on microbial communities 

Analysis of total PLFAs extracted showed no significant effect of treatment on microbial 

biomass (Wald-type F3,102 = 1.32, P = 0.27).  Biomass was 399 ± 87, 374 ± 52, 417 ± 96, and 

349 ± 75 nmol lipid g soil
-1

 (mean ± SE),
 
for CONT, MIRG, HARV, and NONE, respectively.   

Principal components analysis indicated overall soil biota differed between management 

treatments (Fig. 3).  Principal component (PC) 1 explained 44.8% of the total variation, with 

space (subsample 38%; block 21%) and time (date 16%) explaining greater variability than 

management (13%).  The PLFA concentrations most positively correlated with PC1 were the 

antesio and iso Gm+ fatty acids.  The biomarkers with the strongest negative correlation were the 

Gm- fatty acids cis16:1ω7 and cis18:1ω7, and biomarkers representing both saprotrophic fungi 

and AMF.  Linear mixed-effects models indicated that treatment had no effect on microbial 

community composition along PC1 (model 1; Table D1).  

Principal component 2 accounted for 16.3% of the total variability in microbial 

composition, with space (subsample 39%; block 33%) and management (23%) having the 

greatest explanatory power.  Treatment was significant along PC2 (model 2; Table D1), with soil 

microbial community structure differing by whether management included grazing (models 3 - 6; 

Table D2).  Higher concentrations of eight PLFAs were positively correlated with PC2 and 

associated with HARV and NONE.  Most notable were the fungal biomarkers cis16:1ω5 and 

cis18:2ω6/aT:18:0, and the Gm- biomarkers cis16:1ω9, cis17:1ω7, cis17:1ω8, and cis18:1ω5.  

The MIRG and CONT treatments associated with ten PLFAs that were negatively correlated 

with PC2.  Of these biomarkers the strongest negative correlation belonged to the Gm+ fatty 
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acids a15:0, i15:0, i16:0, i17:0, the Gm- biomarker cis16:1ω7, the anaerobic cy19:0 biomarker, 

and the biomarker 10Me18:0, which is indicative of actinomycetes.  

Treatment had a significant effect on the ratio of F:B biomarkers isolated from the soil 

(model 1; Table D2).   Fungal-to-bacterial ratio was higher in the treatments that did not include 

grazing, HARV and NONE, relative to the grazing treatments MIRG and CONT (models 2 - 5; 

Table D2).  Fungal-to-bacterial ratio was 0.52 ± 0.02 for CONT, 0.51 ± 0.03 for MIRG, 0.64 ± 

0.03 for HARV, and 0.59 ± 0.04 (mean ± SE) for the NONE treatment.   

Pasture management significantly affected Gm+ bacteria (model 1; Table D3), anaerobic 

bacteria (model 6; Table D3), and actinomycetes (model 11; Table D3), but not Gm- bacteria 

(model 5; Table D3).  Average mol% of lipid biomarkers indicative of the Gm+ bacterial guild 

was significantly greater in the grazing treatments, CONT and MIRG, and in the no management 

treatment NONE, compared to the treatment with biomass removal only, HARV (models 2 - 4; 

Table D3).  Anaerobic biomarkers were significantly less abundant in HARV, and actinomycete 

biomarkers were significantly less abundant in both HARV and NONE treatments (models 7 - 

10, 12 - 15; Table D3).  

There were no significant treatment effects on saprotrophic fungi (model 16; Table D3), 

while AMF were affected significantly by treatment (model 17; Table D3).  The ungrazed 

treatments, HARV and NONE, had greater concentrations of AMF when compared to the CONT 

and MIRG grazing treatments (models 18 - 21; Table D3). 
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Key predictors of microbial community response  

The regression tree identified a split with a mean F:B of 0.82 when root C:N was >40.3 

(9 samples) and a mean F:B of 0.55 when <40.3 (51 samples).  The low root C:N subset was 

split by nitrification, with lower F:B associated with higher rates of nitrification; the data were 

further refined by subsequently splitting the low nitrification subset with root C:N, and the high 

root C:N  subset by NO3
-
  pool size.  Residual deviance plotted against tree size indicated a tree 

with five splits (i.e., tree of 6 nodes) explained 74% of the total deviance (Fig. E1).  The best 

predictors of F:B were root C:N, nitrification, and NO3
-
 pool (r

2
 = 0.37, p < 0.0001, Fig. 4).   

The bacterial guilds were generally predicted by distinct environmental variables, with 

different C:N ratios being the strongest. The regression tree for Gm+ bacteria contained four 

splits (5 nodes) and explained 60% of the total deviance (Fig. E2). The first split was identical to 

the first split for F:B (see above), with a mean mol% of 9.89 at root C:N >40.3 and 12.54 at root 

C:N < 40.3. The second subset was further split by soil bulk density with higher Gm+ 

concentrations at lower compaction.  The minimal model for Gm+ abundance included only 

these two terms (r
2
 = 0.31, p < 0.0001, Fig. 5A).  

The actinomycete regression tree contained 3 splits (4 nodes), explaining only 37% of 

deviance (Fig. E3). The first split occurred at root C:N = 37.6 with a mean mol% of 0.73 (12 

samples) for the group with a higher root C:N, and a mean of 0.96 (48 samples) for the group 

with lower root C:N.  Soil temperature refined prediction in the second subset, with higher soil 

temperatures indicating greater concentrations of actinomycetes; in the low-temperature subset 

greater concentrations of actinomycetes corresponded with higher rates of N mineralization. 
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Actinomycete abundance was minimally modeled by the interaction of these three terms (r
2
 = 

0.31, p = 0.006, Fig. 5B).  

Anaerobe abundance was modeled by a 5-split tree explaining 70% of the residual 

deviance (Fig. E4).  For soil C:N > 12.1, mean anaerobe mol% was 2.85 (18 samples) compared 

to 3.56 for soil C:N < 12.1 (42 samples).  For the lower soil C:N samples, a larger NO3
-
  pool 

corresponded to a higher mean anaerobe mol%.  Because block accounted for significant 

variability in anaerobic bacterial concentrations, we employed a LME model including block as a 

random effect, which identified soil C:N (Wald-type F1,55 = 11.79, p =0.001), and NO3
-
  pool 

(Wald-type F1,55 = 5.37, p =0.02) as significant predictors of anaerobic bacteria (Fig 5C). 

Regression tree analysis identified three splits (4 nodes) that explained 63% of total 

residual deviance in the AMF community (Fig. E5).  The first split was along the same lines as 

actinomycetes, with mean AMF mol% of 16.1 for root C:N <37.64 (48 samples), and a mean of 

26.4 for root C:N >37.64 (12 samples).  The low split was again refined by root C:N with the 

higher root C:N subset again containing greater concentrations of AMF.  Interestingly, a further 

division of this higher AMF abundance subset indicates higher AMF concentration with lower 

root C:N.  AMF abundance was best modeled by root C:N (r
2
 = 0.36, p < 0.0001, Fig. 5D) which 

is not surprising given the symbiotic relationship with the host plant. 

DISCUSSION 

Grazing removal promoted fungal decomposition pathway 

Our results suggest that the rate of flow, but not the amount of energy cycling through the 

detrital food web was affected by pasture management.  The absolute abundance of the fungal 

proportion of the microbial biomass increased with grazing removal.  This was likely the result 
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of more recalcitrant substrates entering the detrital pool and an increase in root biomass 

associated with AMF.  At the same time, total microbial biomass was not affected by these 

management changes indicating that a similar amount of energy was available for microbial 

activity.  The positive correlation between root C:N and F:B, and the negative correlation 

between nitrification and nitrate pool with increased F:B suggests that grazing fundamentally 

changes the flow of energy within the system.  Without grazing, C and N are bound in organic 

material and the flow of energy is dominated by fungal pathways.  Whereas in the presence of 

grazing, a greater proportion of energy is in the form of more labile substrates leading to a 

bacterial dominated energy pathway and faster return of nutrients to an inorganic form, and thus 

plant availability. 

Litter quality was the main determinant of the differences in microbial community 

between grazed and ungrazed treatments.  Carbon-to-nitrogen ratio of roots was the best 

predictor in 4 of the 5 microbial guilds, while soil C:N was the best predictor in the other.  Lower 

root C:N predicted lower F:B, and biomarkers of guilds that were dominant in the grazing 

treatments, while higher C:N predicted guild biomarkers dominant in the ungrazed treatments.  

Of secondary importance were soil properties related to N pools and N mineralization, and 

physical properties such as bulk density, gravimetric water content, and soil temperature.  

Greater N availability, and physical properties related to grazing, e.g., increased soil compaction 

(Wienhold et al., 2001), pockets of anaerobicity (Breland and Hansen, 1996), and higher soil 

temperatures were the overwhelming predictors of the dominant guild biomarkers found under 

grazing.   
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Grazing management effects on ecosystem productivity not mediated by microbial 

communities  

While our work has shown that MIRG enhances production (Ch 1 and 2), which benefits 

C balance (Ch 2), we found no evidence that these effects were mediated by the microbial 

community.  None of the microbial response variables differed between MIRG and CONT.  It 

has been suggested that optimization of forage production and quality may be a function of 

defoliation timing relative to growth state of the vegetation (see Turner et al., 1993), and the 

exclusion of less palatable species (Menke and Bradford, 1992; Bardgett et al., 1998), i.e., the 

direct effects indicated in Fig. 1A and B.  We found that indirect effects were important at a 

relatively coarse level of resolution, i.e., grazed vs. ungrazed.  This aligns with Bardgett et al. 

who found indirect effects are prevalent with changes in grazing intensity.  But within our grazed 

treatments we found no support for the indirect effects of defoliation, leaving direct effects as the 

most plausible explanation for greater production under MIRG.  This emphasizes that when 

altering the timing and spatial distribution of grazing, but holding grazing intensity constant, 

productivity response in subhumid pasture is plant mediated.   
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TABLES 
 
Table 1. Composition of guilds from chemically similar fatty acids used in the analysis. Only fatty acids 
that were identifiable and present in amounts greater than 0.5 mol% were used. 

 

Guild Generally indicates Fatty acids included 

Branched 

 

Monounsaturated 

Cyclopropyl 

Gram-positive bacteria
a,b

 

Actinomycetes
c,d

 

Gram-negative 

bacteria
b,e

 

Anaerobic bacteria
e
 

Mycorrhizal fungi (AMF)
f
 

Saprotrophic fungi (SF)
c,f

 

i14:0, i15:0, a15:0, i16:0, i17:0, and a17:0 

10Me18:0 

cis16:1ω7, cis 16:1ω9, cis 17:1ω7, cis 17:1ω8, cis18:1ω5, 
and cis18:1ω7 

 cy17:0 and cy19:0 

cis16:1ω5 

cis18:1ω9 and cis18:2ω6/aT:18:0  

 

Referenced from: a. Zelles et al. (1992); b. Frostegard et al. (1993); c. Federle et al. (1986); d. Vestal and 
White (1989); e. Wilkinson (1988); f. Balser et al. (2005) 
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FIGURES 

 

 
Fig. 1. Relationship between grazing management and the direct effects on A) individual plant 
development stage, B) plant community composition, and the indirect effects on soil microbes 
through C) labile substrate return in the form of manure and root exudates, and disruption of 
soil physical properties, and D) plant litter quantity and quality with theoretical impacts for 
nutrient availability, forage production and quality, and carbon balance.  
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Fig. 2. Layout of Randomized Complete Block Design (RCBD) field experiment with three blocks 
and four treatment designated by number as: (1) management intensive rotational grazing 
(MIRG), (2) continuous grazing (CONT), (3) periodic harvesting of pasture forages for hay 
(HARV), and (4) management removal (NONE). 
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Fig. 3.  Plot of PC1 and PC2 from multivariate analysis of microbial lipid means (± SE; n=27) 
obtained from continuously grazed pasture (), management-intensive rotational grazing (), 
biomass harvested by mechanical means (), and management removal (). PLFAs found with 
a more positive correlation along PC1 were dominated by Gm+ bacteria, while those that were 
more negative were Gm- bacteria and fungi.  Along PC2, PLFAs with the highest positive 
correlation were fungi and Gm- bacteria, and those negatively correlated were dominated by 
Gm+ bacteria and actinomycetes.  Principal component 1 and 2 accounted for 61.1% of the 
variability. 
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Fig. 4.  Relationship between fungal to bacterial ratios (F:B) and the minimally adequate 
predictive model comprised of root C:N, Nitrification (µg N gds-1 d-1), and NO3¯ pool (µg N gds-1).   
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Fig. 5.  Relationship between A) gram positive bacteria (Gm+) and root C:N + soil bulk density  
(g cm3 ds -1), B) actinomycetes and the interaction between root C:N × Soil temperature (°C) × 
net N mineralization (µg N gds-1 d -1), C) anaerobic bacteria and the model comprised of soil C:N  
+ NO3¯ pool (µg N gds-1) conditioned with the random effect of block, and D) arbuscular 
mycorrhizal fungi (AMF) and root C:N. 
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Appendix A.  Relative Forage Quality calculation 

 

Relative forage quality is calculated as:  

RFQ = (DMIgrs*TDNgrs)/1.23 

 

where: 

 

The 1.23 divisor is used to adjust the equation to have a mean and range similar to RFV (Moore 

and Undersander 2002) 

  

TDNgrs=(NFC*.98)+CP*.87)+(FA*.97*2.25)+(NDFn*NDFDp/100)-10 (Moore and 

Undersander 2002) 

 

where:  

 

TDNgrs = total digestible nutrients for mixed cool season grasses 

NFC = non fibrous carbohydrate (% of dry matter [DM]) 

CP = crude protein (% DM) 

FA = fatty acids (% DM) 

NDFn = nitrogen free neutral detergent fiber (% DM), estimated as NDF*0.93 

NDFDp = 48 h in-vitro NDF digestibility (% of NDF), and where NDFDp = 22.7 + 0.664*NDF 

 

 DMIgrs = -2.318+0.442*CP-0.0100*CP
2
-0.0638*TDN+0.000922*TDN

2
+0.180*ADF-

0.00196*ADF
2
-0.00529*CP*ADF (Moore and Kunkle 1999) 

 

where: 

 

DMIgrs = dry matter intake of mixed cool season grasses (% of body weight [BW]) 

CP = as above 

TDN – calculated from the above equation 

ADF = acid detergent fiber (% DM) 
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Appendix B. Comparison of ANOVA linear-mixed effects models for Chapter 1 
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Appendix C. Comparison of ANOVA linear-mixed effects models for Chapter 2 
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Appendix D. Comparison of ANOVA linear-mixed effects models for Chapter 3 
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Appendix E. Regression trees 

 

Fig. E1.  Classification tree predicting fungal to bacterial ratios (F:B) from 60 soil cores taken to 
15-cm in depth.  The pool of candidate predictor variables was: date, block, relative forage 
quality, carbon to nitrogen ratio (C:N) of aboveground shoot C:N, root C:N roots, soil C:N, net N 
mineralization, net nitrification, net ammonification, soil NO3¯  pool, soil NH4

+ pool, soil bulk 
density, soil gravimetric water content, and soil temperature. Inset shows the decrease in 
residual deviance as a function of the number of data splits and the resulting tree nodes.  The 
tree in this figure has six nodes resulting from five splits. Significance of splits was determined 
using paired t-tests (P < 0.05). 
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Fig. E2.  Classification tree predicting gram positive bacteria (GM+) from 60 soil cores taken to 
15-cm in depth (see Fig. C1 caption for list of predictor variables and explanation of the inset).  
The tree in this figure has five nodes resulting from four splits. Significance of splits was 
determined using paired t-tests (P < 0.05). 
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Fig. E3.  Classification tree predicting actinomycets from 60 soil cores taken to 15-cm in depth 
(see Fig. C1 caption for list of predictor variables and explanation of the inset).  The tree in this 
figure has four nodes resulting from three splits. Significance of splits was determined using 
paired t-tests (P < 0.05). 
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Fig. E4. Classification tree predicting anaerobic bacteria from 60 soil cores taken to 15-cm in 
depth (see Fig. C1 caption for list of predictor variables and explanation of the inset).  The tree 
in this figure has six nodes resulting from five splits. Significance of splits was determined using 
paired t-tests (P < 0.05). 
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Fig. E5. Classification tree predicting arbuscular mycorrhizal fungi (AMF) from 60 soil cores 
taken to 15-cm in depth (see Fig. C1 caption for list of predictor variables and explanation of the 
inset).  The tree in this figure has four nodes resulting from three splits. Significance of splits 
was determined using paired t-tests (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 


