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Abstract 

 
Within the global food system, beef cattle is the single largest contributor at 8.5% 

of total anthropogenic greenhouse gas (GHG) emissions globally (Xu et al., 2021). On 

the other hand, rangelands cover nearly half of the Earth’s land surface and store almost 

20% of the global soil organic carbon (SOC) (Conant, 2012), and there is significant 

potential for increasing SOC by restoring degraded cultivated lands (Sanderson, 2020). 

Yet, the SOC impacts from beef cattle production are only beginning to be understood.  

There are emerging studies that adaptive multi-paddock (AMP) grazing could turn 

cattle from a GHG emitter into a net carbon sink, if done on degraded cropland, thereby 

restoring degraded cropland while providing a carbon sink and a food source for humans. 

My thesis research identified and quantified the amount of suitable degraded 

cropland that can be converted into AMP cow-calf operations in the U.S. Southeast 

region, the GHG impact, and the expected calf output. My research objectives were to 

determine: (i) the GHG impact of converting degraded cropland to AMP cow-calf 

operations in the U.S Southeast region; (ii) the calf output that can be expected from such 

conversion; and (iii) the amount of cropland where such conversion would be the most 

effective for GHG mitigation, and suggest ways to prioritize such conversion. 

The three characteristics (soil taxonomy, slope and state) of the five AMP sites 

studied by Mosier et al. (2020) were used to distinguish cropland in the Southeast region 

into 10 categories of cropland (Cropland Groups) across four states: Alabama, Kentucky, 

Mississippi, and Tennessee.  



Google Earth Engine (GEE) was used to digitally map each Cropland Group, 

calculate the SOC levels across the qualifying terrain, and determine degraded cropland 

(Degraded Cropland)—defined as cropland with less than the lowest 20th percentile SOC 

within each Cropland Group.  

Livestock emissions were estimated using EPA and IPCC coefficients for enteric 

emissions, manure related emissions (direct and indirect N2O), along with on-farm 

emissions. SOC sequestration was approximated using the five AMP farm pair sites in 

Mosier et al. (2020).  

The analysis identified 76,902 ha of Degraded Cropland across all 10 Cropland 

Groups, which could yield 251,935 calves per 612-day production cycle. The base case 

using EPA coefficients showed that four of the 10 Cropland Groups could be net carbon 

sinks, whereas in the IPCC scenario, only two of the 10 Cropland Groups were net 

carbon sinks.  

This study has implications for land use planning, food security and climate 

mitigation, and points to a need for greater understanding in three areas to determine 

whether AMP grazing could achieve a net carbon sink in a given area of degraded 

cropland: (1) more accurately estimate livestock emissions through more analyses and 

direct observations of beef cattle emission factors, such as the co-dependent relationship 

between forage digestibility and methane conversion factor; (2) more accurately 

determine SOC sequestration potential and rate through better understanding of SOC 

sequestration pathways, and (3) fine-tune AMP herd assumptions for local site conditions 

to maximize chances of achieving a net carbon sink.
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Chapter I 

Introduction 

 

Globally, the food system accounts for 34% of all anthropogenic greenhouse gas 

(GHG) emissions (Crippa, Solazzo, & Guizzardi, 2021). Beef is the single largest 

contributing commodity, representing 25% of global food emissions and  8.5% of total 

global emissions (Xu et al., 2021). The United States (U.S.) is the largest beef producer 

and accounts for 19% of beef cattle production globally. The U.S. also leads in beef 

consumption, averaging 25 kg of beef consumed per person per year in 2017 (OECD, 

2016). Beef cattle operations are recognized as one of the most significant livestock-

sector contributors to GHG emissions. In 2017, U.S. agriculture emitted 542 MMT 

carbon dioxide equivalent (CO2e), or 8.4% of total U.S. GHG emissions, overwhelmingly 

as methane (CH4) and nitrous oxide (N2O), principally from livestock and soil nutrient 

management (EPA, 2019).  

However, many life cycle analysis (LCA) studies that quantify GHG emissions 

from cattle production often focus on GHG emissions from the agricultural production 

process and not the associated land-use change. It is posited that beef could be 

responsible for half of the U.S. agriculture GHG emissions if land use change was fully 

accounted for (Searchinger, Waite, Hanson, & Ranganathan, 2018).  

In considering the land intensity of cattle production, feed also needs to be taken 

into consideration. Livestock consume a third of grain production globally and in the U.S. 

(FAO 2012; Schader et al., 2015). Livestock, predominantly cattle, take up 654M acres 
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(265M ha) of pasture and range lands and rely on another 127M acres (52M ha) for 

livestock feed production, totaling 41% of U.S. land in the 48 contiguous states (Merrill 

& Leatherby, 2018).  

A key driver of GHG emissions from land use change is soil organic carbon 

(SOC) loss. U.S. agricultural land accounts for 30.3 Gt SOC stock (in the top 0-30cm 

layer), or 55.6% of the total U.S. SOC stock (USDA, 2015). However, the U.S. lost 6.1M 

ha of farmland from 1982 to 2012 due to soil erosion, with the rate of SOC loss on 

cropland at 4.6 Mg C/ha/yr (USDA, 2015). The most up-to-date research on SOC loss 

from land-use change is nearly 100 Pg C higher than prior estimates, and now places 

cumulative SOC loss from human-driven land use change at 37 Pg C, 75 Pg C, and 133 

Pg C in the upper 0.3 m, 1 m, and 2 m of soil, respectively, which is on par with carbon 

loss from deforestation. The implied mean absolute SOC loss (to 2 m depth) due to land 

use was 17.7 Mg C/ha, and the rate of SOC loss has increased rapidly over the last 200 

years (Sanderman et al., 2017). As a land-intensive industry that affects both grazing and 

cropland, cattle management may be a stronger driver of SOC loss than currently 

recognized. 

Humanity is faced with the dual challenges of reducing GHG emissions to address 

climate change while ensuring future food security for a growing population. There are 

emerging studies and scientific observations that adaptive multi-paddock (AMP) grazing 

or management-intensive grazing could turn cattle from a greenhouse gas emitter into a 

net carbon sink, if done on degraded cropland (Stanley et al., 2018; Mosier et al., 2020; 

Wang, 2015; Machmuller et al., 2015). Degraded cropland can be less viable for general 

crop production but could still be suitable for grasses. As a ruminant species, cattle are 
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uniquely adapted to digest grasses. In well-managed grazing practices that maintain plant 

productivity cattle manure can replenish soil carbon (C) and nitrogen (N), thereby 

helping to restore degraded cropland while providing a carbon sink and a food source for 

humans. 

Even though rotational grazing systems like AMP require more land per cow 

compared to feedlot-finishing (Stanley et al., 2018), it appears that there is room for U.S. 

to lower production (and consumption) levels without adversely affecting nutrition or 

affordability outcomes. There appears to be sufficient land to maintain U.S. beef 

production levels should switching to grass-fed production methods be desirable from a 

GHG reduction perspective (Cheung & McMahon, 2017). Finally, proper grazing 

management could enhance the overall long-term capacity of the land to sustain more 

cows over the long term, whereas continuing current production methods could 

eventually deplete our land’s existing capacity to sustain any cows at all.  

The GHG sequestration benefits of rotational grazing are likely the most 

pronounced in highly degraded soils in warm subtropical climates that enable long 

pasture-growing seasons such as the U.S. Southeast region (Machmuller et al. 2015). In 

Georgia alone, approximately 4,000 ha of land used for row crops had been converted to 

management-intensive cattle grazing between 2005 to 2015. In the U.S., the Southeast 

accounts for nearly 60% of beef cattle (Rouquette & Aiken, 2020) of which 58.8% are 

cow-calf operations (Asem-Hiablie, Rotz, Stout, & Place, 2018).  

In the U.S., cow-calf operations are typically located on land not well suited or 

needed for crop production (USDA, 2021) and in the Southeast region in particular, 

pastureland for cattle production has generally been small areas of less productive land 
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that lend well to grasses for grazing (Adkins & Riley, 2012). McBride and Mathews 

(2011) observed that cow-calf farms are the residual user of land in most parts of the 

country. These characteristics make cow-calf production in the U.S. Southeast region a 

priority geography for further study on the GHG and animal production impacts of 

converting degraded cropland to managed grazing lands. 

Rotational grazing systems such as management-intensive grazing and AMP 

grazing are garnering attention for their SOC sequestration potential relative to the more 

conventional continuous grazing practices (Stanley et al., 2018; Mosier et al., 2020; 

Wang, 2015; Machmuller et al., 2015). AMP operations can generally be characterized as 

rotating cattle herd(s) across multiple paddocks in such a way as to allow time for the 

foliage to regrow for at least 30-90 days. The rest time and paddock size vary according 

to the stocking rate, foliage type and growth rate. Compared to conventional continuous 

grazing, AMP farms have cattle in higher densities for briefer periods of time, which 

more evenly distributes organic N inputs manure to the soil without overloading it 

(Teague, 2018). 

 

Research Significance and Objectives  

My thesis research identified and quantified the amount of suitable degraded 

cropland that can be converted into AMP cow-calf operations in the U.S. Southeast 

region, and the resulting changes in GHG impact, and expected calf output. 

This study could have implications for land use planning, food security and 

climate mitigation, help build awareness among farmers, ranchers and the public about 
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the benefits of AMP cattle, and encourage further studies and development of best 

practices for restoring degraded cropland through AMP grazing. 

 My research objectives were to: 

• Determine the GHG impact of converting degraded cropland to AMP cow-calf 

operations in the U.S Southeast region. 

• Determine the calf output that can be expected from such conversion 

• Determine the amount of cropland where such conversion would be the most 

effective for GHG mitigation, and suggest ways to prioritize such conversion 

 

Background 

To understand the drivers behind the variations in GHG emissions for beef cattle 

production, it is important to understand the beef production process and the key GHG 

emission levers along the value chain. Cattle production in the U.S. is typically 

comprised of three phases (Rotz, Asem-Hiablie, Place, & Thomas, 2018): the cow-calf 

phase from birth to weaning, where almost all cattle spend in pastures, paddocks, or 

rangeland; the growth phase (also known as stocker or background), which they often 

pass in open grazing areas; and the “finishing” phase at 9-15 months of age in the three 

months prior to slaughter. 

The distinction between grain-fed (also-known as grain-finished) and grass-

finished cattle occurs during the finishing stage. Ninety-seven percent of beef cattle in the 

U.S. are grain-fed, meaning that they are fattened up with a diet composed of corn and 

other grain in feedlots of animal feeding operations (Figure 1). After gaining weight  
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Figure 1. Conventional vs. grass-fed cattle production process steps and key assumptions 
(Cheung & McMahon, 2017). 

 

quickly, these grain-fed cattle are slaughtered at 16-20 months (Cheung & McMahon, 

2017).  

In contrast with grain-fed cattle, the remaining 3% grass-finished cattle are kept 

on pasture and finished on a diet predominantly made up of grasses or other forages, 

instead of being sent to feedlots. Grass-finished cattle tend to grow more slowly than 

grain-fed animals and is usually slaughtered later at 24-28 months of age and at a lower 

weight (Cheung & McMahon, 2017). The differences in the production method driven by 

differences in the maturation and diet mix for grain-fed vs. grass-finished cattle can 

significantly influence the GHG balance of these systems. It is important to note, 

however, that grass-fed is an unregulated term that can refer to cattle that have been fed 

grass or forage at any point in their life, whether the finishing phase was at a feedlot 

(grain-fed) or on pasture (grass-finished).  



 

 7 

Feed production and processing (including land use change) and enteric 

fermentation from ruminants are the two main sources of emissions, which represent 43% 

and 32% respectively for cow-calf farms in the Upper Midwestern U.S. (Pelletier et al., 

2010). Grains for feed production are usually grown in chemical-intensive annual 

cropping systems that cause soil degradation and loss of soil organic carbon. 

 

Life Cycle Assessments (LCAs) of Beef Production 

A growing body of work on lifecycle assessments on beef production indicates 

significant variability of GHG emissions among production methods. Poore and 

Nemecek (2018) studied lifecycle assessments of 724 beef cattle farms globally and 

found that beef cattle farms in the highest 90th-percentile of GHG emissions contributed 

209.9 kg of carbon dioxide equivalent (CO2e) per kg of beef (defined as bone-free meat, 

fat and edible offal), or five times that of producers in the lowest 10th percentile of GHG 

emissions (Table 1). 

 

Table 1. Global beef GHG emissions by producer (Poore & Nemecek, 2018). 

kg CO2e/ kg 
beef 

5th 
percentile 

10th 
percentile Mean Median 

90th 
percentile 

95th 
percentile 

Beef farm 37.6 40.4 99.5 60.4 209.9 269.2 
 

 

In the U.S., Rotz et al. (2019) similarly found variability among individual U.S. 

beef cattle production systems by region (Figure 2), albeit within a tighter range of 

values, where total carbon footprint ranged from 17 to 40 kg CO2e/kg carcass weight 

(CW) (Table 2).  
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Figure 2. Seven regions defined in USDA study (Rotz et al., 2019). 

 

Table 2. GHG intensity of representative beef cattle production system by U.S. region 
(Rotz et al., 2019). 

GHG  
(kg CO2e/kg CW) Min Max Mean Weighted mean 
Northeast 22.4 32.3 25.9 26.2 
Southeast 18.5 39.9 28.9 28.9 
Midwest 20.6 30.9 25.3 25.5 
Northern plains 18.1 25.9 20.5 20.4 
Southern plains 16.6 30.1 23.2 23.2 
Northwest 18.8 35.2 21.3 20.9 
Southwest 18.2 23.8 20.2 20.2 
 
 

Among regions within the U.S., the Southeast had the highest GHG intensity for 

beef cattle production systems (Rotz et al., 2019). The mean values of 21.3 to 28.9 kg 

CO2e/kg CW in the Rotz el al. (2019) study translate to 25.1 kg to 34.0 CO2e / kg beef, 

assuming that boneless meat and fat account for 85% of CW (South Dakota State 

University Extension, 2020). This puts U.S. beef producers among the lowest 10th 
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percentile of GHG emitters according to the global range determined by Poore and 

Nemecek (2018).  

Rotz et al. (2019) surmised that differences in climate and geographic conditions, 

and not just management practices, created variation in the GHG footprints of the 

simulated production systems within each U.S. region. This corroborates Stanley et al.’s 

(2018) guidance, who emphasized the importance of geographically localized LCAs to 

estimate the impacts of grazing more accurately on soil carbon sequestration rates.  

 

GHG Emissions and Soil C Sequestration from Management-Intensive, AMP and Multi-

Paddock Grazing 

A handful of studies (Machmuller et al., 2015; Stanley et al., 2018; Wang, 

Teague, Park, & Bevers, 2015) have collected local longitudinal and chronosequence 

observations and surmised that management-intensive grazing, adaptive multi-paddock 

(AMP) grazing and multi-paddock or rotational grazing, respectively, have the best 

potential to offset GHG emissions through soil C sequestration. This holds promise for 

cattle production to be part of the climate solution instead of contributing 8.5% of global 

GHG emissions (Xu et al., 2021).  

Machmuller et al. (2015) found that soil C accumulated at 8.0 Mg/ha/yr (~1.58 

Mg C-CO2e /ha/yr or ~5,805kg CO2e /ha/yr) in the upper 30cm of soil after converting 

degraded row crop (cotton and peanuts) to management-intensive grazing dairy farms 

(Figure 3). Soil C accumulation (in the top 30 cm) plateaued at 38 Mg C/ha six years 

after the conversion and at a level consistent with peak soil organic carbon (SOC) stocks 

in the region.  
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Figure 3. Soil carbon content for top 30 cm of farms converted in 2006 (green symbols), 
2008 (blue symbols), 2009 (black symbols) and a control farm in row crop (grey 
symbols) (Machmuller et al., 2015). 

 

Stanley et al. (2018) concluded that AMP grazing sequestered soil C at a 

rate of 3.59 Mg C/ha/yr for four years (Table 3). Including soil C sequestration, AMP 

finishing provided a net carbon sink of 6.65 kg CO2e/kg CW (Figure 4). Stanley et al. 

(2018) focused on the beef finishing stage, which typically accounts for most of the 

difference in the environmental impact of beef production.  

 

Table 3. Soil C sequestration rates by and among soil type (Stanley et al., 2018). 
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Figure 4. Emissions for feedlot finishing and AMP grazing before (left) and after (right) 
net C flux from soils (sequestration and erosion) is incorporated (Stanley et al., 2018). 

 

Although grass-fed beef is typically associated with higher enteric methane than 

feedlot-finished beef due to a more fibrous diet, longer finishing times and lower carcass 

weight, Stanley et al. (2018) found a 36% lower enteric CH4 footprint for AMP grazing 

compared to using the IPCC default CH4 conversion factor of 6.5, representing a decrease 

from 42 to 27 kg CH4 per steer. This reflected the high uncertainty associated with IPCC 

CH4 accounting and could be driven by forage quality. GHG emissions from crop 

irrigation were not included because less than 10% of cropland in Michigan is irrigated, 

but they noted that this could be a factor to consider in the western U.S. where irrigation 

is more predominant. Similar to Machmuller et al. (2015), Stanley et al. (2018) also 

recognized possible limitations to soil C storage, discussing that C accumulation in soil 

slows as it nears saturation, and that more data will need to be collected in the Midwest to 

determine the ultimate C sequestration and storage potential.  
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Wang et al. (2015) concluded that the net GHG emissions impact of converting 

cow-calf farms in the Southern Great Plain from the typical heavy continuous (HC) to 

multi-paddock (MP) grazing resulted in a net C sequestration of 2,002.8 kg C/ha/yr over 

15 yr (Table 4). Their analysis covered enteric CH4 emission, manure CH4 emission, 

manure N2O emission, supplemental protein CO2 emission and GHG emission from farm 

energy use and fertilizer use. They also noted that the region’s enteric CH4 emissions 

were high compared to other regions due to the relatively lower feed quality on  

 

Table 4. Possible (net) carbon emission and sequestration scenarios for transitioning from 
heavy continuous (HC), light continuous (LC) and multi-paddock (MP) (Wang et al., 
2015) 

 

 

unfertilized rangeland, but that rotational grazing lowers this by improving forage and 

livestock production. In line with the views of Machmuller et al. (2015) and Stanley et al. 

(2018) that soil has a C saturation limit, Wang et al. (2015) used the average SOC level 

of 160.78 Mg C/ha for native prairie in Central Texas to calculate that it could take 23 



 

 13 

years after the conversion from HC to MP in the 15-year transition scenario for SOC 

levels to reach this limit. 

Mosier et al. (2020) analyzed soils from five paired, neighboring AMP and 

continuous grazing (CG) beef cattle cow-calf farms in the U.S. Southeast region that 

represented a latitudinal gradient across Kentucky, Mississippi, Alabama, and Tennessee. 

Each AMP farm was carefully selected to meet the definition for AMP grazing, and a 

neighboring CG farm for each AMP farm was selected with the same soil type and slope, 

and similar land use history. They found that the AMP sites had on average 13% (9 Mg 

C/ha) more soil C and 9% (1 Mg N/ha) more soil N compared to their respective CG 

neighbors over a 100 cm depth, and that the stocks’ difference was primarily in the 

mineral-associated organic matter fraction in the A-horizon, suggesting long-term 

persistence of soil C in AMP grazing farms.  

 

Key Variables Driving Net C Sequestration from Rotational Grazing  

The factors of soil degradation, which are analogous to factors of soil formation, 

are a function of soil properties such as the nature of the rock parent material, climatic 

parameters such as precipitation and temperature, terrain such as slope gradient, and 

vegetation such as species composition, management, and time (Lal et al., 2003). 

The above studies point to a few key drivers of net C emissions and sequestration 

for rotational grazing that are common across the three regions (Southeast, Midwest and 

Great Southern Plain), such as soil physical and biological attributes, quality of forage 

and use of irrigation. In addition, there are other regional differences and on-farm 

practices that need to be considered such as stocking rate, mean cow size, pasture 
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duration, cattle breed, weather conditions and precipitation etc. In each study, the rate of 

carbon sequestration was also assumed to be linear until the saturation point is reached.  

The three studies above all observed an increase in soil C stocks from conversion 

to rotational grazing. Machmuller et al. (2015) reported a 75% increase in soil C stocks 

after six years of conversion to management-intensive grazing, Stanley et al. (2018) 

reported a 44% increase after four years of transitioning to AMP, and Wang et al. (2015) 

reported a 38% increase after 10 years of transitioning to MP. Another study by Guo & 

Gifford (2002) found an average increase of 20% in soil C stocks from transitioning 

cropland to pasture systems. Although these conclusions are drawn from different starting 

points of cropping and grazing systems in places with different soil C saturation limits 

and for different stages and types of cattle management, they all point to the likelihood 

that rotational grazing could help to restore soil C levels.  

Machmuller et al. (2015) extrapolated their results by assuming that if 10% of the 

9M ha of cropland in U.S. Southeast region, with an average C stock of 10 Mg C/ha, 

were converted to management-intensive grazing, a total of 4.5 Tg C/yr would be 

accumulated, assuming peak SOC in the top 30 cm at 40 Mg C/ha. This accumulation 

would continue for six years, resulting in a regional total accumulation of 27 Tg C. This 

amount is significant since it is comparable with the 30.3 Gt soil C stock in U.S. 

agricultural land (USDA, 2015), and suggests that much less cropland would need to be 

converted than the annual 4M ha of cropland and 8M ha of grassland proposed by 

Chambers, Lal, & Paustian (2016) to achieve the 4 per mille increase goal. This implies 

that soil C sequestration efforts could be most effective if focused on places with the 
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greatest potential for rapid soil C sequestration, such as in areas of degraded cropland 

where soil type and climate are conducive. 

 

Research Questions, Hypotheses and Specific Aims 

My research attempted to answer the following research questions:  

• What is the total land area of degraded cropland in the U.S. Southeast region and 

what is the potential SOC sequestration if restored through AMP cow-calf 

management? 

• What are the key GHG emissions and sequestration levers to model enteric CH4 

emissions, manure CH4 emissions, manure N2O emissions, supplemental protein CO2 

emissions and GHG emissions from farm energy use? 

• What is the GHG mitigation potential and calf output from converting the available 

degraded land to AMP management? 

My hypothesis was that converting degraded cropland to AMP cow-calf 

management can create net carbon sinks.  

 

Specific Aims  

 To complete this research, I: 
 
1. Characterized soil attributes and SOC stocks for degraded cropland, and quantify the 

area of available degraded cropland for each set of attributes. 

2. Examined the methodologies and underlying models used in Machmuller et al. 

(2015), Stanley et al. (2018) and Wang et al. (2015) to extrapolate the net GHG 

impact of AMP cow-calf management in the Southeast region. 
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3. Calculated GHG emissions impact from converting degraded cropland to AMP. 

4. Calculated the expected calf output from the land conversion. 
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Chapter II 

Methods 

 

System boundaries were defined as AMP cow-calf operations on degraded 

cropland in four states in the Southeast region: Kentucky, Tennessee, Alabama, and 

Mississippi. The state boundary was effectively used as a proxy to constrain the ranges 

for precipitation and temperature within each Cropland Group. This is relevant since 

climactic conditions such as precipitation and temperature have a significant impact on 

soil formation and degradation, and therefore SOC levels. This also ties in with the logic 

that AMP practices, such as stocking rates identified by Mosier et al. (2020), which are 

similarly tied to local climate and terrain but also likely influenced by other local norms 

and structures, can reasonably be used as an assumption within the corresponding state.  

All major GHGs (CH4, CO2 and N2O) including those from enteric ruminal 

fermentation, manure and on-farm energy use were included. Transportation of the calves 

outside of the farm for sale was not considered within the system boundary, in line with 

Wang et al. (2015). The same production cycle, herd composition, animal weights and 

GHG emissions model was used across all 4 states. 

Gasses were converted to CO2e using their 100-year global warming potentials 

(GWP) (CO2=1, CH4=25, N2O=298) (EPA, 2021a). The functional unit was defined as 

one hectare of land and as one beef calf produced. 
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All data were combined in Microsoft Excel to calculate GHG emissions and calf 

output for representative cow-calf AMP operations for each Cropland Group in the U.S. 

Southeast region. 

 

Definitions for Cropland Groups 

The three soil characteristics (soil taxonomy, slope and state) of the five AMP 

sites used by Mosier et al. (2020) were used to categorize cropland in the Southeast 

region. Since each of those five AMP sites had two slope ranges, this yielded 10 unique 

categories of cropland (Cropland Groups) across four states: Alabama, Kentucky, 

Mississippi, and Tennessee. The total state land area, total state cropland area, and area 

for each Cropland Group are provided in Table 5.  

 

Identifying Degraded Cropland  

Google Earth Engine (GEE) was used to digitally map each Cropland Group, 

calculate the SOC levels across the qualifying terrain, and determine the degraded 

cropland (Degraded Cropland) for each Cropland Group using a cut-off of the lowest 20th 

percentile SOC stock for each Cropland Group. GEE was selected as the geospatial 

mapping tool for its computational power and ability to quickly process multiple 

geospatial datasets in parallel. 

The following datasets were used in GEE: geographical definition by state from 

the U.S. Census Bureau TIGER dataset (2018), cropland from the USDA NASS 

Cropland Data Layers dataset (USDA, 2019) (Figure 5), soil taxonomy from 

OpenLandMap’s USDA Soil Taxonomy Great Groups dataset (Hengl & Nauman, 
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Table 5. Cropland Group definitions. 

Cropland 
Group 

AMP 
site State Soil Taxonomy 

Slope 
(%) 

State land  
area (ha) 

Cropland  
area (ha) 

Cropland 
Group (ha) 

0 1 Kentucky Fine-loamy, siliceous, 
semiactive, mesic, 
Paleudults 

2-6  10,227,949   2,150,458   20,370  

1 1 Kentucky Fine-loamy, siliceous, 
semiactive, mesic, 
Paleudults 

6-12  10,227,949   2,150,458   21,633  

2 2 Tennessee Fine-loamy, siliceous, 
semiactive, Typic 
Paleudults 

0-2  10,680,273   1,617,246   37,186  

3 2 Tennessee Fine, mixed, 
semiactive, thermic 
Rhodic Paleudalfs 

2-5  10,680,273   1,617,246   20,520  

4 3 Alabama Fine-loamy, siliceous, 
semiactive, Typic 
Hapludults 

2-6  13,117,405   1,160,940   95,768  

5 3 Alabama Fine-loamy, siliceous, 
semiactive, Typic 
Hapludults 

6-10  13,117,405   1,160,940   73,637  

6 4 Alabama Fine, kaolinitic, 
thermic, Rhodic 
Paleudults 

2-6  13,117,405   1,160,940   170,768  

7 4 Alabama Fine, mixed, 
semiactive, thermic 
Rhodic Paleudalfs 

6-10  13,117,405   1,160,940   100,799  

8 5 Mississippi Fine-silty, mixed, 
active, thermic 
Oxyaquic Fragiudalfs 

2-5  12,153,352   1,886,435   19,219  

9 5 Mississippi Fine-silty, mixed, 
active, thermic 
Oxyaquic Fragiudalfs 

5-8  12,153,352   1,886,435   12,365  

 
 

2018) (Figure 6) and slope ranges from the NASA Shuttle Radar Topography Mission 

(SRTM) Digital Elevation 30m dataset (Farr et al., 2007) (Figure 7). The corresponding 

band for soil taxonomy in the OpenLandMap dataset was used and the slope minimum 

and maximum values was converted to degrees for the NASA dataset (Table 5).  

Based on the preceding GEE datasets, a mask that met the criteria for each 

Cropland Group was created. The brown pixels in Figure 8 represent a selected area in 
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Piedmont, Alabama, where AMP site 4 from Mosier et al. (2020) and Cropland Group 6 

are located. 

 

 
Figure 5. Cropland data layer. 

 
Figure 6. Soil taxonomy data layer. 

 
 

 
Figure 7. Slope data layer. 

 

 
Figure 8. Mask depicting Cropland Group 
and Degraded Cropland. 

 

SOC stocks (Mg C/ha) were calculated by multiplying the OpenLandMap SOC 

concentration (Hengl & Wheeler, 2018) with the OpenLandMap soil bulk density (Hengl, 

2018), summing up the top 100 cm depth to mirror the depth measured by Mosier et al. 

(2020). The 100 cm depth was chosen to be comparable with the same depth used in 

Mosier et al. (2020). Other geospatial datasets that had soil information consistently 
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across the U.S. were considered, such as the USDA’s Rapid Carbon Assessment (RaCA) 

and Gridded Soil Survey Geographic (gSSURGO), but ultimately not used because RaCa 

was not available for use in GEE and gSURGGO lacked soil taxonomy information. 

Degraded Cropland was defined based on areas in each Cropland Group that had 

less than the lowest 20th percentile SOC for that respective Cropland Group. GEE was 

used to obtain the value for the lowest 20th percentile SOC (Table 6) and the geographical 

area for Degraded Cropland for each Cropland Group (Figure 8, Table 6). The area of 

Degraded Cropland and corresponding SOC levels are shown in Table 6. 

 

Table 6. Degraded Cropland soil taxonomy, SOC content, size (ha), and proportion of the 
defined cropland group in each study region 

Cropland 
Group 

AMP 
site State Soil Taxonomy 

Slope 
(%) 

Lowest 20% 
percentile 

SOC within 
Cropland 

Group  
(Mg C/ha) 

Degraded 
Cropland 

(ha) 

Degraded 
Cropland as 

% of 
Cropland 

Group 
0 1 Kentucky Fine-loamy, siliceous, 

semiactive, mesic, Paleudults 
2-6  51.3   4,055   20%  

1 1 Kentucky Fine-loamy, siliceous, 
semiactive, mesic, Paleudults 

6-12  51.3   4,476   21%  

2 2 Tennessee Fine-loamy, siliceous, 
semiactive, Typic Paleudults 

0-2  46.1   5,298   14%  

3 2 Tennessee Fine, mixed, semiactive, 
thermic Rhodic Paleudalfs 

2-5  46.8   4,159   20%  

4 3 Alabama Fine-loamy, siliceous, 
semiactive, Typic Hapludults 

2-6  38.9   10,935   11%  

5 3 Alabama Fine-loamy, siliceous, 
semiactive, Typic Hapludults 

6-10  38.9   8,488   12%  

6 4 Alabama Fine, kaolinitic, thermic, 
Rhodic Paleudults 

2-6  38.9   19,170   11%  

7 4 Alabama Fine, mixed, semiactive, 
thermic Rhodic Paleudalfs 

6-10  38.9   11,628   12%  

8 5 Mississippi Fine-silty, mixed, active, 
thermic Oxyaquic Fragiudalfs 

2-5  38.7   5,282   27%  

9 5 Mississippi Fine-silty, mixed, active, 
thermic Oxyaquic Fragiudalfs 

5-8  38.6   3,411   28%  
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AMP Stocking Rate and Herd Composition 

The carrying capacity of any cattle grazing operation is heavily dependent on 

forage, which is intricately connected with a given soil type, slope, and climate 

characteristics. Thus, the U.S. Southeast region AMP cow-calf operation stocking rates 

provided by Mosier et al. (2020) (Table 7) were used to estimate the total number of 

animal units. Animal units were identified for each Degraded Cropland area within each 

Cropland Group, and were expressed as animal units per ha (where 1 animal unit (AU) = 

1,000 kg). All the AMP sites studied by Mosier et al. (2020) were purely beef cattle cow-

calf operations, except for AMP site 1, but since the non-cattle livestock there, namely 

sheep, accounted for less than 1 of the 115 animal units (Mosier, personal 

correspondence), this was assumed to have a negligible effect on stocking rates for beef 

cattle. 

 

Table 7: AMP stocking rate by Cropland Group. 

Cropland Group 0 1 2 3 4 5 6 7 8 9 
AMP site 1 1 2 2 3 3 4 4 5 5 
AMP stocking rate 
(AU/ha) 

1.39 1.39 2.57 2.57 1.55 1.55 3.78 3.78 1.04 1.04 

 
 

To determine the number of animals by cattle category (herd composition), the 

proportion of animals by cattle category was assumed to be the same as that modeled by 

Wang et al. (2015) for AMP cow-calf operations in northern Texas, while the typical 

animal mass (TAM) for each cattle category was obtained for the production cycle as 

described in the next section. The number of calves per production cycle is based on the 
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proportion of mature cows, 1st year heifers and 2nd heifers that are expected to complete 

the full cycle for each production cycle as described below.  

 

Production Cycle 

Enteric methane emissions were anticipated to be the predominant source of 

livestock emissions. Enteric methane emissions are strongly affected by the livestock life 

cycle or state of growth (e.g., lactation, pregnancy), and age and weight of the animal. 

Thus, the production cycle was modeled with explicit representation for the production 

cycle (including phases, duration and animal weights) at each AMP site studied in Mosier 

et al. (2020). The timing, duration, animal weights and daily weight gains were 

unavailable for the specific operations used in Mosier et al (2020), thus values were 

obtained from the AMP cow-calf operation in Texas (also used for cattle herd 

composition) (Wang et al., 2015) (Figure 9). 

The AMP cow-calf production cycle runs for 612 days from the start of the 

breeding season in April to November of the following year when the calves are weaned. 

Mature cows remain at the constant mature weight of 500kg, while 1st year heifers start at 

315 kg and reach mature weight at the end of the production cycle. 2nd year heifers start 

at 431 kg, reach mature weight in November and stop growing thereafter (Figure 9).  

Per Wang et al., (2015), an average lactation rate of 86% and weaning rate of 82% 

was used. Cows that lactate were assumed to bring a calf through to the completion of 

weaning; i.e., 82% of each of mature cows, 1st year heifers and 2nd year heifers complete 

all the states shown (full cycle) for their respective category in Figure 9. In each cow 

production category, it was assumed that 14% do not lactate, calve or get pregnant . The 
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Figure 9. AMP cow-calf only production cycle. 

 

remaining 4% of cows in each category were assumed to complete the pregnancy cycle 

but neither lactate nor raise a calf to the weaning stage (Wang et al, 2015). This means 

that the cows that get pregnant are pregnant for 416 days of the 612-day production cycle 

while those that lactate do so for 462 days. Bulls were assumed to have a constant mature 

weight of 900 kg, which was in line with EPA (2021b)’s range of 831 kg to 917 kg for 

not-on-feed bulls.  

For calves, 40 kg was used for the birth weight (EPA, 2021b; Wang et al., 2015). 

Weaning weight was estimated at 220 kg (Wang et al., 2015), in line with McBride & 

Mathews (2011) reporting that the regional average weaning weight of cow-calf farms 

was the lowest in the Southeast region at 218 kg (480 lbs), and was also lower than the 

average national weaning weight of 234 kg (515 lb) (EPA 2021b). 
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All calves were assumed to be sold after weaning, contrary to Wang et al. (2015) 

assuming that 16% of the calves were retained as replacement heifers. Selling calves at 

weaning was most common among small operations and among cow-calf operators in the 

U.S. Southeast region, albeit the decision to retain weaned calves for the stocker phase or 

to purchase new calves can vary each year depending on the prevailing cattle prices and 

forage availability (McBride & Mathews, 2011).  

 

Livestock Emissions 

Livestock emissions were modeled in Microsoft Excel, accounting for the number 

of cattle in each state of growth, lactation and pregnancy described in the production 

cycle above, along with their weights and weight gains for each state. IPCC (2019) Tier 3 

methods were used, as recommended for countries with large livestock populations and 

where additional country-specific information subjected to a wide degree of international 

peer review is available. For more accurate estimates of livestock emissions, state-level 

coefficients were used where available, if not then sub-national regional or national level 

coefficients.  

 

Enteric Fermentation Emissions 

Methane is produced by the fermentation of feed within the cattle’s digestive 

system. The amount of methane released during enteric fermentation increases with the 

feed intake, and is also affected by the cattle’s stage of growth, age and weight, and the 

digestibility of the feed consumed.  
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Feed digestibility (DE) is expressed as a fraction of gross energy (GE), which is 

in turn derived based on the summed net energy requirements of the cattle and the energy 

availability characteristics of the feed. DE was estimated at 64.6% for beef heifers and 

calves in the Southeast region (EPA, 2021b). This value was adjusted downwards to 

62.6% for mature cows and bulls to reflect the lower digestibility diets of mature cattle 

(EPA, 2021b).  

In line with Wang et al. (2015), calves were assumed to be born in April and sold 

immediately after they are weaned at end-November. A gradual weaning from milk is 

simulated with calf diets assumed to be 100% milk from age 0 to month 3, 75% for 

month 4, 75% for month 5, and 25% for month 6 (EPA, 2021b). The proportion of milk 

in calf diets for months 7 and 8 were straight-lined to 100% i.e., 12.5% milk assumed for 

month 7 and 0% for month 8. Assuming 95% DE for milk (IPCC, 2019) and 64.6% DE 

for forage (EPA, 2021b) yielded a weighted average of 82.2% DE for calves.  

The methane conversion factor (Ym), which is expressed as a percentage of GE, 

represents the extent to which feed energy is converted to methane. Ym varies depending 

on several interacting feed and animal factors, for which there are currently only small-

scale determinations. IPCC (2019) recommends using Ym of 7.0 for beef cattle fed on 

>75% forage where DE is less than 62%, and 6.3 for beef cattle fed on >75% high quality 

forage where DE ranges from 62% to 71%. On the other hand, EPA (2021b) sets Ym for 

all grazing beef cattle in the U.S. at 6.5. Given that mean DE for the U.S. Southeast 

region is estimated as 64.6% (EPA, 2021b), the more conservative value of 6.5 was used 

for Ym.  
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The energy needs for the cattle were determined for each stage of the AMP cow-

calf production cycle. As recommended by EPA (2021b), IPCC constants were used and 

applied to the corresponding animal weights for each stage in the AMP cow-calf only 

production cycle. The coefficient (Cfi) for calculating net energy for maintenance (NEm) 

was assumed at 0.386 for lactating cows, 0.37 for bulls and 0.322 for all other cattle 

categories (IPCC, 2019). The activity coefficient (Ca) corresponding to an animal’s 

feeding situation was assumed at 0.17 for high-quality confined forage pasture (EPA, 

2021b; IPCC, 2019). The pregnancy coefficient (Cp), or the total energy requirement for 

the pregnancy gestation period averaged over an entire year was assumed at 0.1 for 

pregnant cows, or 10% of NEm (IPCC, 2019). The coefficient (C) for calculating net 

energy for growth was 0.8 for females and 1.2 for bulls (IPCC, 2019). Because no C 

value was provided for calves, an average of 1.0 across females and bulls was used.  

For lactating cows, the net energy for lactation is a function of the amount of milk 

produced and its fat content; these two latter values were taken from EPA (2021b). Daily 

milk production per beef cow was assumed to be 4.2 kg (9.3 lbs), based on the average 

monthly values from April to November provided by EPA (2021b), which was consistent 

with the 4.21 kg used by Wang et al. (2015). Fat content of milk was assumed at 4% 

(EPA, 2021b), in line with IPCC (2019).  

 

Manure-Related Emissions 

IPCC and EPA differed on the default values from manure-related emissions, 

including: manure methane emissions, manure direct N2O emissions and manure indirect 

N2O emissions. Manure methane emission factors comprised: maximum methane 
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producing capacity per unit volatile solid in manure (B0), methane conversion factor for a 

given manure management system and climate region (MCF), and methane density 

(EF2). The manure direct N2O emission factor was the N2O emissions from nitrogen in 

urine and dung deposited on managed soils (EF3). Manure indirect N2O emission factors 

comprised: fraction of nitrogen in urine and dung deposited on managed soils that 

volatilizes as ammonia and nitrogen oxides (FRACgasm), N2O emissions from 

atmospheric deposition of nitrogen on soils (EF4), emission factor for N2O emissions 

from nitrogen leaching and runoff (EF5), and fraction of nitrogen lost by leaching/runoff 

(Fracleach). 

A summary of the IPCC and EPA default values is provided in Table 8, which 

shows that EPA had higher values for manure methane emission factors (B0, MCF, EF2) 

but assumed all manure emission factors for direct N2O and indirect N2O (EF3, 

FRACgasm, EF4, EF5, Fracleach) to be zero for cattle on pasture. IPCC had lower 

emission factors for manure methane emissions, but generally higher emission factors 

overall for manure emissions after direct and indirect N2O emissions were included.  

IPCC recommended that national values be used where available, so EPA’s 

default values were used in the base case scenario. An alternative scenario using IPCC’s 

values is presented in the Results section.  

For both EPA and IPCC scenarios, the IPCC default value of 12 was used to 

estimate crude protein in dry matter (CP), expressed as a percentage, to calculate manure 

direct N2O emissions. For calves, a weighted average CP was calculated assuming 

IPCC’s values of 16 for milk and 13 for forage for North America.  
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Table 8. EPA and IPCC default emission factors for manure emissions. 

  
EPA 

scenario 
IPCC 

scenario Comments  
Manure methane emissions 
B0 0.17 0.19 EPA: for not-on-feed cattle 

IPCC: for pasture, range and paddock 
MCF 1.50 0.47 EPA: 1.5 for pasture in temperate climate zone 

IPCC: 0.47 for pasture, range and paddock across climate 
zones 

EF2  0.66 0.67 IPCC: 0.67 for methane density 
EPA: 0.662 for methane density at 25°C 

B0 * MCF * EF2 0.17 0.06 
 

    

Manure direct N2O emissions 
EF3 - 0.01 EPA: 0 for pasture 

IPCC: 0.006 for wet climates (uncertainty: 0.000-0.026)     
Manure indirect N2O emissions 
FRACgasm - 0.21 EPA: 0 for pasture  

IPCC: 0.21 (uncertainty: 0.00-0.31) 
EF4 0.01 0.014 EPA: 0.01 citing IPCC (2006) 

IPCC: 0.014 for wet climates (uncertainty: 0.011-0.017)  
EF5 0.008 0.11 EPA: 0.008 citing IPCC (2006) 

IPCC: 0.011 (uncertainty: 0.000 to 0.02) 
Fracleach - 0.24 EPA: 0 for pasture  

IPCC: 0.24 for wet climates (uncertainty: 0.01-0.73) 
 

 

Other Emissions  

The cattle were assumed to only graze on native pasture without supplemental 

feed, since beef cows, and calves until they are weaned, graze on forage year-round with 

little, if any grain input (USDA, 2021). Relative to other regions in the U.S., the 

Southeast region also benefits from a longer grazing season with minimal need for 

supplemental forage (McBride & Mathews, 2011). In the neighboring Southern Great 

Plains region, supplemental hay is rarely used except for years of severe drought (Wang 

et al., 2015). 
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None of the AMP sites studied by Mosier et al. (2020) used any inorganic N 

inputs or herbicides, therefore no associated GHG emissions were assumed. As for other 

inputs, AMP site 1 used lime inputs while AMP site 3 used some inputs of fish emulsion, 

sea salt and chicken litter, but these have been omitted from the livestock emissions 

analysis due to the lack of information on GHG emission implications.  

As Stanley (2018), Wang et al. (2015) and Pelletier et al. (2010) did, on-farm 

energy use per head of calf was taken from Ryan and Tiffany (1998). Energy use was 

converted to GHG emissions via the standard approach set by the EPA (2021a). 

 

SOC Sequestration 

Baseline SOC stocks were determined as the lowest 20th percentile for each 

Cropland Group (obtained from GEE). SOC sequestration rate was determined by the 

SOC stocks quantified in AMP operations and annualizing the incremental change from 

the AMP management duration reported in Mosier et al. (2020). This approach assumes a 

linear rate of SOC sequestration after land use conversion from the existing cropping 

system to AMP grazing management for each Cropland group. Although this assumption 

may not be fully realized, the results offer valuable insight on SOC sequestration 

potential (Machmuller et al., 2015; Wang et al., 2015; Stanley et al., 2018). The 

annualized SOC increase was converted to CO2e and applied to the Degraded Cropland 

area under each Cropland Group.  
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Chapter III 

Results  

 

My research identified 76,902 ha of Degraded Cropland in the U.S. Southeast 

region, of which 84% of the area was used for four crop types (other hay/non-alfalfa, 

soybeans, cotton and corn). If this Degraded Cropland were converted to AMP cow-calf 

management, 251,935 calves could be expected per 612-day AMP production cycle. On 

an annualized basis, AMP emissions would be 2,816 kg CO2e per calf or 730 MMT CO2e 

across all Cropland Groups. SOC sequestration rate from converting Degraded Cropland 

to AMP ranged from 1.4 to 3.3 Mg C/ha/yr by Cropland Group, or an average of 2.0 Mg 

C/ha/yr (Table 9). On an annualized basis across all Cropland Groups, this yielded 486 

MMT CO2e SOC increase which offset 66.6% of AMP emissions and resulted in a net 

GHG flux of 244 MMT CO2e (Appendix 1). 

 

AMP Animal Production and Emissions on Degraded Cropland 

There were 48 out of 254 crop types identified for Degraded Cropland across the 

10 Cropland Groups. The top four crop types (other hay/non-alfalfa, soybeans, cotton and 

corn) accounted for 84% of the total Degraded Cropland area, with other hay / non-alfalfa 

accounting for 41% alone (Figure 10).  

For the 76,902 ha of Degraded Cropland identified across all 10 Cropland Groups, 

251,935 calves can be expected per 612-day AMP production cycle from converting the  
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Figure 10. Breakdown of Degraded Cropland by crop type. 

 

Degraded Cropland to AMP cow-calf operations. Given that the production cycle, herd 

composition and animal weights were held constant across Cropland Groups, the number 

of calves produced is directly proportional to the stocking rates depicted in Table 7. 

Since the same model and assumptions for GHG emissions and production cycle 

was used across the Cropland Groups, the per calf livestock emissions was constant 

across Cropland Groups at 2,816 kg CO2e per calf on an annualized basis (Appendix 1). 

The assumptions for on farm energy use was also constant across Cropland Groups 

because it was obtained on a per calf basis (103.72 kg CO2e per calf).  

 

SOC Sequestration 

The baseline SOC stocks for Degraded Croplands ranged from 38.6 to 51.3 Mg 

C/ha, or an average of 42.8 Mg C/ha. The SOC at the corresponding AMP site ranged 

from 67.78 to 85.56 Mg C/ha, or an average of 72.3 Mg C/ha. Assuming SOC increases 
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Table 9. SOC sequestration under AMP. 

Cropland 
Group 

AMP 
site State Soil Taxonomy 

Soil 
Taxonomy 

Band Slope (%) 

Duration of 
AMP 

management 
(years) 

SOC 
measured 
at AMP 
site (Mg 

C/ha) 

Lowest 
20th 

percentile 
SOC for 

Cropland 
Group 

(Mg C/ha) 

SOC 
difference 
(Mg C/ha) 

Annualized 
SOC 

increase 
(Mg 

C/ha/yr) 
0 1 Kentucky Fine-loamy, siliceous, 

semiactive, mesic, Paleudults 
389 2-6 13 69.19 51.3 17.8 1.4 

1 1 Kentucky Fine-loamy, siliceous, 
semiactive, mesic, Paleudults 

389 6-12 13 69.19 51.3 17.8 1.4 

2 2 Tennessee Fine-loamy, siliceous, 
semiactive, Typic Paleudults 

389 0-2 12 85.56 46.1 39.5 3.3 

3 2 Tennessee Fine, mixed, semiactive, 
thermic Rhodic Paleudalfs 

30 2-5 12 85.56 46.8 38.7 3.2 

4 3 Alabama Fine-loamy, siliceous, 
semiactive, Typic Hapludults 

377 2-6 29 68.66 38.9 29.6 1.0 

5 3 Alabama Fine-loamy, siliceous, 
semiactive, Typic Hapludults 

377 6-10 29 68.66 38.9 29.7 1.0 

6 4 Alabama Fine, kaolinitic, thermic, 
Rhodic Paleudults 

389 2-6 24 67.78 38.9 29.1 1.2 

7 4 Alabama Fine, mixed, semiactive, 
thermic Rhodic Paleudalfs 

389 6-10 24 67.78 38.9 29.1 1.2 

8 5 Mississippi Fine-silty, mixed, active, 
thermic Oxyaquic Fragiudalfs 

10 2-5 10 70.25 38.7 31.5 3.2 

9 5 Mississippi Fine-silty, mixed, active, 
thermic Oxyaquic Fragiudalfs 

10 5-8 10 70.25 38.6 31.6 3.2 
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linearly over time from the baseline SOC stocks estimated for Degraded Croplands to the 

level measured in AMP operations, the SOC sequestration rate across all Cropland 

Groups was 1.4 to 3.3 Mg C/ha/yr by Cropland Group, or an average of 2.0 Mg C/ha/yr. 

The Cropland Groups with more than 20 years of AMP management showed lower rates 

of SOC increase than those with 13 years or less of AMP management (Table 9). 

 

Net GHG Flux  

AMP emissions was defined as the summation of livestock emissions and on-farm 

energy emissions. Net GHG flux was calculated by subtracting SOC sequestration from 

AMP emissions. Net GHG flux varies proportionately with the area of Degraded 

Cropland. To consider the potential of each unit area of Degraded Cropland to become a 

net carbon sink under AMP cow-calf management, SOC sequestration was expressed as a 

fraction of AMP emissions (SOC:AMP), where SOC:AMP >1 indicated a net carbon sink 

while SOC:AMP <1 indicated a net carbon emitter. Under AMP cow-calf management, 

 

Table 10. Net GHG flux and SOC:AMP (SOC sequestration as a fraction of AMP 
emissions) by Cropland Group (annualized). 

Cropland Group 

Annualized GHG 
flux total  

(MMT CO2e) 

Annualized GHG 
flux per calf  
(kg CO2e) 

Annualized GHG 
flux per ha  
(kg CO2e) SOC: AMP 

0 0.47 63 115 0.98 
1 0.45 56 101 0.98 
2 (13.59) (761) (2,566) 1.27 
3 (9.69) (691) (2,331) 1.25 
4 21.78 978 1,992 0.65 
5 16.82 973 1,982 0.65 
6 183.13 1,922 9,553 0.32 
7 111.08 1,922 9,553 0.32 
8 (40.75) (5,638) (7,715) 3.00 
9 (26.35) (5,646) (7,726) 3.01 
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Degraded Cropland in 4 of the 10 Cropland Groups (2, 3, 8, 9) were able to become net 

carbon sinks with a SOC:AMP ratio of 1.25 to 3.01 (Table 10). 

 

Sensitivity Analysis 

As laid out in Table 8, the EPA and IPCC differ in their default values for 

emission factors for manure emissions. The IPCC default values resulted in higher AMP 

emissions than the EPA values (base case), as laid out below. 

 

EPA vs. IPCC Emission Factors for Manure Emissions 

AMP emissions differed greatly depending on whether EPA or IPCC’s values 

were used for manure-related emission factors. Annualized livestock emissions were 

2,712 kg CO2e per calf under the EPA scenario and 43% higher at 3,878 kg CO2e per calf 

under the IPCC scenario. Including on farm energy use, the overall AMP emissions per 

calf was 2,816 kg CO2e under the EPA scenario (Table 11) and 41% higher at 3,982 kg 

CO2e per calf under the IPCC scenario (Table 12). 

Not surprisingly, the number of animals and mature weight in AMP operations 

resulted in mature cows accounting for the majority of livestock emissions, at 61% and 

62% using the EPA and IPCC scenarios respectively. Livestock emissions per cow also 

did not substantially differ for a mature cow vs. a 1st or 2nd year heifer (Table 13). 

Net GHG emissions are highly dependent on which livestock emission scenario 

(EPA or IPCC) is used. Under the EPA scenario (base case), AMP cow-calf management 

are net carbon sinks in four Cropland Groups (2, 3, 8 and 9) and resulted in a SOC:AMP 
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ratio of 1.25 to 3.01. Under the IPCC scenario, only Cropland Groups 8 and 9 remained 

net carbon sinks with a SOC:AMP ratio of 2.12 and 2.13 (Table 14).  

 

Table 11. Annualized emissions per calf for EPA scenario (base case). 

  
Enteric  

CH4 
Manure  

CH4  
Direct N2O 

from manure 
Indirect N2O 
from manure 

On farm 
energy use1 

Total AMP 
emissions 

Mature cows 1,668 50 - - 
 

1,718 
1st yr heifers 295 8 - - 

 
303 

2nd yr heifers 302 9 - - 
 

310 
Bulls 97 3 - - 

 
100 

Calves 276 4 - - 
 

281 
Total 2,638 74 - - 104 2,8162 
 
1 No breakdown by cattle sub-category available. 
2 Includes on-farm energy use. 

 

Table 12. Annualized emissions per calf for IPCC scenario. 

  
Enteric  

CH4 
Manure  

CH4  
Direct N2O 

from manure 
Indirect N2O 
from manure 

On farm 
energy use1 

Total AMP 
emissions 

Mature cows 1,668 18 13 752 
 

2,451 
1st yr heifers 295 3 2 132 

 
431 

2nd yr heifers 302 3 2 135 
 

442 
Bulls 97 1 1 48 

 
147 

Calves 276 2 2 127 
 

407 
Total 2,638 26 20 1,193 104 3,9822 
 
1 No breakdown by cattle sub-category available. 
2 Includes on-farm energy use. 

 

Table 13. Animal livestock emissions per animal by cattle sub-category. 

  EPA scenario IPCC scenario 
Mature cows  1,908   2,721  
1st yr heifers  1,899   2,706  
2nd yr heifers  1,945   2,770  
Bulls  2,469   3,616  
Calves  281  407 
Total 2,638 26 
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Table 14. Annualized net GHG flux and SOC:AMP (SOC sequestration as a fraction of 
AMP emissions) for EPA scenario (base case) and IPCC scenario. 

Cropland Group 

EPA 
Annualized net 

GHG flux  
(MMT CO2e) 

IPCC 
Annualized net 

GHG flux  
(MMT CO2e) 

EPA 
SOC:AMP 

IPCC 
SOC:AMP 

0 0.47  9.07  0.98  0.69  
1 0.45  9.95  0.98  0.69  
2 (13.59)  7.24  1.27  0.90  
3 (9.69)  6.67  1.25  0.88  
4 21.78  47.74  0.65  0.46  
5 16.82  36.97  0.65  0.46  
6 183.13  294.23  0.32  0.22  
7 111.08  178.47  0.32  0.22  
8 (40.75)  (32.32) 3.00  2.12  
9 (26.35)  (20.91) 3.01  2.13  

 

 
Enteric Emissions 

Enteric emissions accounted for the largest component of system emissions, 

accounting for 94% and 66% of livestock emissions under the EPA and IPCC scenarios 

respectively. The two biggest drivers for quantifying enteric fermentation emissions are 

methane conversion factor (Ym) and DE % of GE.  

In the current analysis, the higher DE value of 64.6 from the EPA (2021b) for the 

U.S. Southeast region was used instead 62 used by the IPCC (2019) for non-dairy cattle 

in North America. The higher EPA DE was used to better reflect digestibility; however, 

the EPA Ym was not lower than the IPCC (2019) default value of 6.5. Lower Ym would 

be expected in AMP operations with better forage quality, but due to a paucity of data, 

the use of lower Ym values for AMP operations in the U.S. Southeast region is not 

substantiated.  
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Stanley et al. (2018) showed that using on-farm SF6 tracer gas data instead of 

IPCC’s default value for Ym could have lowered AMP enteric emissions by 36%, which 

implies a Ym of 4.2. Since Ym is 1:1 correlated with enteric emissions and is used for all 

cattle categories across all feeding systems under IPCC’s methodology, it has a 

significant impact on any cattle livestock GHG emissions. Table 15 and Table 16 show 

that AMP livestock emissions per calf changes proportionately as Ym changes, for both 

the EPA scenario (base case) and IPCC scenario, respectively. 

 

Table 15. Sensitivity analysis of livestock emissions, EPA scenario (base case) to DE and 
Ym.  

  DE (Change in DE)  
 51.7 (-20%) 58.1 (-10%) 64.6 (0%) 71.1 (10%) 77.5 (20%) 

Ym 
(Change 
in Ym) 

5.2 (-20%) 16% -5% -19% -30% -37% 
5.9 (-10%) 30% 6% -10% -21% -30% 
6.5 (0%) 44% 17% 0% -12% -22% 
7.2 (10%) 58% 29% 10% -4% -14% 
7.8 (20%) 72% 40% 19% 5% -7% 

 
 

Table 16. Sensitivity analysis of livestock emissions, IPCC scenario to DE and Ym.  

  DE (Change in DE)  
 51.7 (-20%) 58.1 (-10%) 64.6 (0%) 71.1 (10%) 77.5 (20%) 

Ym 
(Change 
in Ym) 

5.2 (-20%) 25% 2% -14% -25% -33% 
5.9 (-10%) 34% 10% -7% -19% -27% 
6.5 (0%) 44% 18% 0% -13% -22% 
7.2 (10%) 54% 26% 7% -7% -17% 
7.8 (20%) 64% 33% 14% -1% -11% 

 
 

Both IPCC and EPA acknowledge that DE can vary widely. IPCC (2019) reported 

that for ruminants, feed digestibility can vary from “45-55 percent for crop by-products 

and range lands; 55-80 percent for managed pastures, well preserved forages, crop by-
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products and grain supplemented forage-based diets”. IPCC also observed that changes in 

DE are magnified for methane emissions and even more so for manure excreted i.e., a 

10% change in DE leads to a 12-20% change in methane emissions and a 20-45% change 

for manure emissions. Under the EPA scenario (base case), AMP livestock emissions per 

calf dropped by 12% when DE increased by 10% and rose by 17% when DE decreased 

by 10% (Table 15). Fluctuations were more pronounced under the IPCC scenario, where 

AMP livestock emissions per calf dropped by 13% when DE increased by 10% and rose 

by 18% when DE decreased by 10% (Table 16).  
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Chapter IV 

Discussion 

 

This analysis depended on several embedded assumptions that could affect the 

conclusions, and can continue to be refined over time: the global warming potentials used 

to convert different greenhouse gases into CO2e, the emission factors used in the 

livestock production cycle and the co-dependency between different types of emission 

factors, and the forage quality across Cropland Groups. The accuracy of the results also 

depended on the precision of the digital geospatial datasets and algorithms. More 

research needs to be done on SOC sequestration pathways to better understand causality. 

This study also revealed a need for improving AMP best practices to optimize for SOC 

sequestration and for shaping pathways and incentives to help farmers transition to AMP 

cow-calf operations in areas that could become net carbon sinks. 

 

Global Warming Potentials 

100-year global warming potentials (GWP) have been used to quantify the overall 

GHG impact in terms of CO2e to allow comparability across climate pollutants with 

different lifetimes and potency. It would also be useful to consider the actual potency of 

the various GHGs over time. CO2 lasts approximately 100 years in the atmosphere. The 

predominant climate pollutant from AMP cow-calf operation is CH4, which lasts 10 years 

in the atmosphere before breaking down but is 25 times more potent than CO2. This 

means that removing or reducing CH4 emissions more rapidly reduces near-term 
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warming impacts. Conversely, near-term warming is worsened if CH4 is emitted, even if 

some of this is offset with CO2 removal. In addition, CH4’s 100-year GWP is 34 times if 

climate-carbon feedbacks are considered (IPCC, 2019), which could also significantly 

impact any GHG-driven decision involving CH4. The other climate pollutant of concern 

from AMP operations is N2O, which is 298 times more potent than CO2 and lasts 114 

years in the atmosphere. The dramatic impact of this can be seen from the annualized 

CO2e emissions per calf, which is 41% higher if default emission factors were taken from 

IPCC (Table 12) instead of EPA (Table 11). As the distinction between short-term and 

long-term warming impacts grows as climate action continues to gather momentum, there 

could be serious reconsideration of immediate actions to address CH4 to alleviate the 

short-term pressures of climate change and buy time to address CO2 and N2O emissions 

that could be more intractable.  

The spotlight on the beef industry’s GHG footprint will continue to grow and 

using cattle as a “last-resort” to sequester SOC on residual land such as converting 

degraded cropland to AMP grazing, while producing beef as a positive byproduct, could 

become more socially favorable at the expense of more conventional GHG-intensive 

cattle production methods that are geared towards maximum animal production at any 

environmental cost.  

 

Emission Factors 

The significant differences in livestock emissions between the EPA and the IPCC 

assumptions drives home the point that simply relying on default emission factor values 

could mispresent total emission estimates (Sanderman et al., 2017; Stanley et al., 2018). 
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It is not imminently clear, even if EPA's default values are at IPCC’s recommended 

national level, that they are sufficient to account for the wide variability in cattle 

management practices.  

The development of GHG accounting models need to be supplemented with more 

studies and direct measurements to better refine the recommended values for emission 

factors, as Stanley et al. (2018) showed for Ym using on farm SF6 tracer gas 

measurements. Research on production cycle and forage information such as those 

accompanying the AMP sites studied by Mosier et al., (2020) could be invaluable for 

forming a more nuanced view on the impact that these factors have on GHG emissions 

and SOC sequestration. 

Direct measurements could also be obtained from remote sensing technologies 

that promise uniformly measured datasets at much larger, even planetary scales. Some 

examples are NASA satellites to detect CO2 at ultra-high resolution, and methane-

detecting satellites being developed and launched by various organizations: 

CarbonMapper by Planet Labs, MethaneSAT by the Environmental Defense Fund, Claire 

by GHGSat and TROPOMI which was launched by the European Space Agency in 2017 

and is already providing data.  

 

Co-Dependent Phenomena 

In considering the appropriate values to use for emission factors, it is important to 

understand how emission factors affect one another, and which combinations of emission 

factors hold while others may not make sense for a given situation. For example, IPCC 

has recommended that the MCF for pasture, range and paddock must always be used in 
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conjunction with a maximum B0 value of 0.19. Similarly, we could think about 

appropriate “pairings” of Ym and DE % of GE as well. If we know that digestibility or 

DE is higher than the default value but do not correspondingly adjust down the enteric 

fermentation methane conversion factor or Ym, we could overstate the emissions from an 

AMP cow-calf operation and understate the net GHG flux, and therefore overlook 

important climate mitigation opportunities (see Table 15 and Table 16). IPCC recognized 

that Ym is affected by many factors including breeds, genetic pools, specificities of feed 

and herd interactions, and that it is crucial to better understand the mechanisms for 

methanogenesis to identify different values for Ym depending on animal husbandry 

practices.  

IPCC highlighted that a livestock’s feed requirements, the livestock’s digestibility 

of the feed, the livestock’s production and growth, and the yield of methane from 

digested gross energy of the feed consumed are co-dependent phenomena. For a wholly 

forage-dependent cattle operation such as the AMP cow-calf system researched here, this 

co-dependent phenomenon holds for forage too, and one also needs to consider 

seasonality and livestock maturity since forage digestibility generally drops during hot 

weather or dry season, and with increasing livestock maturity. While it may not be 

realistic to have a complete census of digestibility as IPCC pointed out, EPA recognized 

the wide variation in forage type and quality across the country and a need for more 

research on forage. In fact, despite being such an important crop for cattle, and therefore 

for land use and GHG impact, forage is under-researched especially when compared to 

cereals, fruit and vegetables, and it can take 15 to 20 years to develop new forage 

cultivars (Capstaff & Miller, 2018). 
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Research on Forage 

With better knowledge on forage type, yield, digestibility and growth rates, AMP 

cow-calf operators would be better equipped to adjust stocking rates and stocking 

densities accordingly and decide whether or how to optimize for forage quality e.g., 

animal output and carrying capacity for cow-calf production, SOC sequestration and 

GHG emissions.  

It is interesting to note that the stocking rate in terms of animal units per grazeable 

land area for the AMP sites in Mosier et al. (2020) ranges widely from 1.04 to 3.78 

(3.63x difference) while stocking density per paddock size ranges even more broadly 

from 62.35 to 465.41, a 7.5x difference. It would be interesting to understand whether 

this wide range is a factor of forage quality or other economic factors, and whether the 

respective AMP practices are fully optimized for forage, animal production, GHG 

sequestration and/or economics.  

Different forage types affect SOC sequestration differently as well. For example, 

C3 grasses showed large declines and C4 grasses showed small gains in SOC with 

increased grazing pressure (McSherry & Ritchie, 2013). Based on long-term experiments 

and labeling of C3 and C4, carbon from C3 plants have higher persistence in soils than 

from C4 plants while C4 decomposed at over twice the rate of the active pool of SOC 

(Wynn & Bird, 2007), so the dynamic for C3 and C4 could be important to understand 

from a GHG management perspective. In addition, changes in forage productivity could 

lead to changes in livestock management and therefore enteric and manure emissions. 
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Digital Geospatial Analysis 

As for SOC changes, even though large-scale datasets currently exist, the 

mismatch in scale (e.g., 250-meter pixel for OpenLandMap’s soil-based datasets and 30-

meter pixel for the slope information obtained from NASA’s dataset) can mean that the 

dominant information on the smaller pixel are not presented by the larger pixel. On a 

related note, pixels with sparse data could also mean that the pixel is overly influenced by 

a few data points instead of being representative for that pixel (Sanderman et al., 2017). 

In addition, government agencies also face social pressure by those who view something 

such as soil health data to be sensitive information proprietary to farmers’ interests, to 

hold back the exact precise locations of the samples taken within each pixel. Hence the 

accuracy of the inferred SOC sequestration rates could be hampered by differing pixel 

resolutions across datasets and the availability of accurate information within each pixel.  

 

SOC Sequestration Potential 

As earlier studies have done, this research assumed that SOC in degraded 

cropland can be restored to the levels observed at other comparable sites if land use 

management practices were improved. On a similar note, historical SOC levels are 

generally acknowledged to play a role in future SOC restoration potential, albeit with a 

rough rule of thumb that SOC recovery would be capped at two-thirds of lost SOC (Lal, 

2004; Sanderman et al., 2017). While these are useful directional tools, there also needs 

to be a bottom-up understanding of the biophysical factors that influence soil C 

sequestration rates (Sanderman et al., 2017).  
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The effect of SOC sequestration on climate mitigation is dependent on its 

persistence, or the amount of time carbon remains in the soil before reentering the 

atmosphere. A useful framework for determining the permanence of carbon that is 

captured in soils is by measuring two different pools: particulate organic matter (POM) 

and mineral associated organic matter (MAOM) (Lavallee et al 2020). There is also 

increasing research showing that particulate organic matter (POM) can accumulate in 

soils indeterminately regardless of mineral-activated organic matter (MAOM) saturation 

and, further, that most grassland soils are unlikely to be limited with respect to MAOM-

derived C (Cotrufo, Ranalli, Haddix, Six, Lugato, 2019). Additionally, AMP 

management may promote soil aggregation thus increasing the persistence of POM 

carbon in grassland soils. As we continue to refine our understanding of the relationship 

between the factors of soil degradation and SOC formation, we will be able to also 

improve the accuracy of SOC predictions. 

In addition, this research was limited to the top 100 cm of soil, to be comparable 

with the Mosier et al. (2020) study, but also because there was no geospatial dataset 

available below that depth. It could be important to study SOC sequestration potential 

and fluxes at greater depths, because even though the rates of change might be lower, the 

potential for SOC storage is significant, especially for considering conversion from 

cropland to pasture for cattle. Grasslands have high inherent SOM (Miller & Donahue, 

1990) and the conversion from cropland to pasture has caused substantial C accumulation 

below 100cm depth by changing the input rates of organic matter, decomposability of 

organic matter inputs, and placing OM deeper in soil (Guo & Gifford, 2002). Perennials 

have well developed and deep root systems. It is possible that introducing perennials and 
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episodic grazing that facilitates greater plant C input belowground enhances belowground 

translocation of assimilated carbon by pasture plants can reach up to 80% vs. 60% by 

trees. 

 

SOC Sequestration Rate 

SOC degradation has been shown to often decline most rapidly in the first decade 

after land-use change and then take many decades to over a century to reach a new steady 

state (Sanderman et al., 2017). Conversely, the rate of SOC sequestration is generally 

expected to be fastest at the start then gradually slow down as it approaches a “saturation 

limit”. This could be informed by the relative distribution of soil C between MAOM and 

POM (Cotrufo et al., 2019). It has been suggested that about 50% of the maximum SOC 

accumulation will have occurred during the first ten years of pasture establishment, and 

80% within 25 years. Conant, Cerri, Osborne and Paustian (2017) reviewed 161 data 

points in 42 studies about converting cultivated agricultural land to grassland, and found 

that soil C increased 91.3% of the time and by an average of 39.2% or a rate of 0.9 Mg 

C/ha/yr. Specifically in the U.S. Southeast region, establishment of perennial grass 

pastures could sequester SOC at rates of 0.25 to 1.0 Mg C/ha/year (Franzluebbers, 2010). 

Having a better understanding of the existing MAOM and POM balances in 

degraded cropland could better inform us about the projected level of soil C increase over 

time. Mosier et al. (2020) found that, compared to the corresponding continuously grazed 

farm in each of the five site pairs, AMP farms showed SOC distribution shifts towards 

the more persistent C fraction with 25% more C in the MAOM fraction. This is 

particularly important for degraded cropland since storage of C in MAOM tends to 
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dominate in soils with relatively low C content, and even though MAOM-C saturates 

(Cotrufo et al., 2019) there is a very large capacity for C accrual in soils with SOC 

concentrations <50 gC per kg of soil.  

Soil N dynamics were not modeled in this study, assuming that the emissions do 

not significantly change in response to animal production. However, the amount and type 

(e.g., organic or inorganic) of N inputs can have a significant effect on the processing and 

turnover of soil C in the soil. With more N there could be greater MAOM and therefore 

greater soil C persistence (Mosier et al., 2020), although the amount of N needed to 

sequester each unit of C depends on the mix of MAOM and POM and their respective 

C:N ratios (Cotrufo et al., 2019). MAOM is mainly of microbial origin, and microbes 

tend to have a more constrained C:N ratio (Cotrufo et al., 2019). 

Finally, the SOC sequestration rate based on the approach used in this research 

could have been underestimated if the maximum SOC stocks at the AMP site had been 

reached prior to the current length of management. 

 

AMP Best Practices 

Although all five AMP sites studied by Mosier et al. (2020) showed SOC 

increases relative to the corresponding continuously grazed farm pair, my research 

showed that only a few of the AMP sites might have been net carbon sinks when 

livestock emissions and on-farm emissions were accounted for (Table 14). It would be 

interesting to consider whether the AMP practices, such as stocking rate or density, 

grazing period or paddock size, could have been optimized for becoming a net carbon 

sink instead.  
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By definition, AMP is adaptive, which covers a diverse range of decisions on the 

ground according to the prevailing conditions. There was no strict definition for what 

AMP grazing entailed beyond long rest periods punctuated by brief, intense grazing 

periods of pasture. The Mosier et al. (2020) study was unique in providing distinctive, 

holistic encapsulation of real-life examples of sustained AMP management. Since there is 

still so much to learn about the characterization and interrelationships of the factors 

driving successful AMP grazing, it could be premature to set strict criterion defining 

AMP grazing, although documentation of detailed management practices would help 

accelerate learnings and progress. For example, cattle tend to congregate around shade 

and water sources which can therefore affect the distribution of manure and C inputs in 

pastures. SOC was greater nearest shade and water sources and declined logarithmically 

with increasing distance (Franzluebbers, Stuedemann & Schomberg, 2000). Simply 

managing paddock sizes using AMP instead of CG could therefore improve the 

uniformity of manure across pastureland. 

 

Conversion to AMP 

Looking at the existing types of crops produced on the identified Degraded 

Cropland areas (Figure 10) could help us understand the pathways and incentives that 

might be needed to help farmers transition to AMP cow-calf operations, if desired. Cow-

calf operators in the Southeast region typically already grow crops and already have other 

sources of income besides beef cattle production. For example, 86% of cow-calf farms in 

the Southeast produce hay (McBride & Mathews, 2011). Since there is already a 

confluence of management expertise in managing both cropland and cow-calf operations, 
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the hurdle in terms of the expertise required to transition Degraded Cropland to AMP 

grazing could be manageable. There could even be a virtuous “circular” management of 

land use where cropland restored by AMP grazing could eventually be reused for 

sustainable cropland later on. 

Providing incentives for farmers to implement AMP to offset the increased cost of 

fencing, labor and management time could also help. In the U.S., AMP grazers received 

$4.54 per hundred weight (cwt) on steers more than non-AMP grazers, but for grazers to 

switch to AMP, a monetary benefit of $12.96/cwt for each 500-599 lb steer sold is 

deemed to be necessary (Clifford, 2020). This monetary benefit could occur in many 

forms, whether through carbon markets, payment for ecosystem services, or even through 

rewarding improved animal health (if extended to feedlot cattle). 

While the current research analysis did not consider a minimum size of grazeable 

area required to operate an AMP cow-calf operation, cow-calf farms in the U.S. 

Southeast region tend to be smaller than other regions and the landscape distribution 

consists of a patchwork of smaller landholdings often managed by individual farmers 

(Franzluebbers, 2010). Therefore, the size of the grazeable area might not be as much of a 

constraint for converting Degraded Cropland to AMP cow-calf operations in this region. 

 

Conclusions 

While this research assessed a small sampling of AMP practices that are not 

representative for broad scale application, it is indicative of the possibilities. In 2019, the 

beef calf population in Alabama, Kentucky, Mississippi and Tennessee combined was 1.6 

million (EPA, 2021b). The beef calf output from converting 76,902 ha of Degraded 
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Cropland to AMP systems across all 10 Cropland Groups in these four states was 

251,935 calves, or 16% of the existing beef calf population. 

This research revealed that further study is needed in a few areas. Under the EPA 

base case, Degraded Cropland in four of the 10 Cropland Groups (2, 3, 8, 9) were able to 

become net carbon sinks with a SOC:AMP ratio of 1.25 to 3.01. However, with the 

higher emission factors under the IPCC scenario, only Cropland Groups 8 and 9 remained 

net carbon sinks with a SOC:AMP ratio of 2.12 and 2.13 (Table 14). This points to a need 

for more analyses and direct observations of beef cattle emission factors, such as the co-

dependent relationship between forage digestibility and methane conversion factor, in 

order to more accurately estimate livestock emissions to and be able to determine 

whether a given area of degraded cropland can become a net carbon sink under AMP 

management.  

In addition, a bottom-up understanding of the biophysical factors that influence 

soil C sequestration rates, including MAOM and POM balances and soil C sequestration 

pathways, would enable a more accurate determination of SOC sequestration potential 

and rate.  

Finally, there is a need to fine-tune AMP herd assumptions for local site 

conditions to maximize chances of achieving a net carbon sink. The relationships 

between forage, digestibility, animal growth, SOC sequestration and GHG output are 

complex and interdependent, and need to be better understood so that the degraded 

cropland areas that benefit most from conversion to AMP management can be prioritized 

and the optimal trade-offs achieved. There could even be a virtuous “circular” 
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management of land use where degraded cropland restored by AMP grazing could 

eventually be reused for sustainable cropland later on. 



 

 53 

Appendix 1 

Summary Results across Cropland Groups, EPA Scenario (Base Case) 

 
Cropland Group 0 1 2 3 4 5 6 7 8 9 Total 
State KY KY TN TN AL AL AL AL MS MS 

 

Degraded Cropland (ha) 4,055 4,476 5,298 4,159 10,935 8,488 19,170 11,628 5,282 3,411 76,902 
AMP stocking rate 
(AU/ha) 

 1.39   1.39   2.57   2.57   1.55   1.55   3.78   3.78   1.04   1.04  
 

 
          

 

No. calves  7,380   8,146   17,872   14,030   22,263   17,281   95,277   57,792   7,227   4,667   251,935   
          

 

Annualized per calf  
(kg CO2e) 

          
 

AMP emissions  2,816   2,816   2,816   2,816   2,816   2,816   2,816   2,816   2,816   2,816  
 

SOC increase  2,752   2,760   3,576   3,507   1,837   1,842   894   894   8,454   8,462  
 

Net GHG flux  63   56   (761)  (691)  978   973   1,922   1,922   (5,638)  (5,646) 
 

 
          

 

Annualized per ha  
(kg CO2e) 

          
 

AMP emissions  5,124   5,124   9,498   9,498   5,733   5,733   13,994   13,994   3,853   3,853  
 

SOC increase  5,009   5,023   12,065   11,829   3,741   3,751   4,441   4,441   11,567   11,578  
 

Net GHG flux  115   101   (2,566)  (2,331)  1,992   1,982   9,553   9,553   (7,715)  (7,726) 
 

 
           

Annualized total  
(MMT CO2e) 

           

AMP emissions  21   23   50   40   63   49   268   163   20   13   730  
SOC increase  20   22   64   49   41   32   85   52   61   39   486  
Net GHG flux  0   0   (14)  (10)  22   17   183   111   (41)  (26)  244  
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Appendix 2 

Summary Results across Cropland Groups, IPCC Scenario 

 
Cropland Group 0 1 2 3 4 5 6 7 8 9 Total 
State KY KY TN TN AL AL AL AL MS MS 

 

Degraded Cropland (ha) 4,055 4,476 5,298 4,159 10,935 8,488 19,170 11,628 5,282 3,411 76,902 
AMP stocking rate 
(AU/ha) 

1.39 1.39 2.57 2.57 1.55 1.55 3.78 3.78 1.04 1.04 
 

 
          

 

No. calves 7,380 8,146 17,872 14,030 22,263 17,281 95,277 57,792 7,227 4,667 251,935  
          

 

Annualized per calf  
(kg CO2e) 

          
 

AMP emissions 3,982 3,982 3,982 3,982 3,982 3,982 3,982 3,982 3,982 3,982 
 

SOC increase 2,752 2,760 3,576 3,507 1,837 1,842 894 894 8,454 8,462 
 

Net GHG flux 1,229 1,222 405 475 2,144 2,139 3,088 3,088 (4,472) (4,480) 
 

 
          

 

Annualized per ha  
(kg CO2e) 

          
 

AMP emissions 7,247 7,247 13,432 13,432 8,107 8,107 19,790 19,790 5,448 5,448 
 

SOC increase 5,009 5,023 12,065 11,829 3,741 3,751 4,441 4,441 11,567 11,578 
 

Net GHG flux 2,237 2,223 1,367 1,603 4,366 4,356 15,348 15,348 (6,119) (6,130) 
 

 
          

 

Annualized total  
(MMT CO2e) 

          
 

AMP emissions  29   32   71   56   89   69   379   230   29   19  1,033 
SOC increase  20   22   64   49   41   32   85   52   61   39  486 
Net GHG flux  9   10   7   7   48   37   294   178   (32)  (21) 546 
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Appendix 3 

Javascript Code Used in Google Earth Engine 

 

1. var states = ee.FeatureCollection("TIGER/2018/States"), 
2.     cdlcoll = ee.ImageCollection("USDA/NASS/CDL"), 
3.     srtm = ee.Image("USGS/SRTMGL1_003"), 
4.     stx = ee.Image("OpenLandMap/SOL/SOL_GRTGROUP_USDA-SOILTAX_C/v01"), 
5.     socc = ee.Image("OpenLandMap/SOL/SOL_ORGANIC-CARBON_USDA-6A1C_M/v02"), 
6.     bd = ee.Image("OpenLandMap/SOL/SOL_BULKDENS-FINEEARTH_USDA-4A1H_M/v02"); 
7.   
8. var statelist = ee.List(['KY', 'KY', 'TN', 'TN', 'AL', 'AL', 'AL', 'AL', 'MS', 

'MS']); 
9. var stxlist = ee.List([389, 389, 389, 30, 377, 377, 389, 389, 10, 10]); 
10. var slopeminlist = ee.List([1.15, 3.43, 0, 1.15, 1.15, 3.43, 1.15, 3.43, 1.15, 

2.86]); 
11. var slopemaxlist = ee.List([3.43, 6.84, 1.15, 2.86, 3.43, 5.71, 3.43, 5.71, 2.86, 

4.57]); 
12.   
13.   
14. // CROPLAND---------------------------------------------------------------- 
15.   
16. var cdlimg = cdlcoll 
17.     .filter(ee.Filter.date('2018-01-01', '2020-01-01')) 
18.     .select('cropland') 
19.     .first(); 
20. Map.addLayer(cdlimg, {}, 'Cropland types', 0); 
21.   
22. // Define cropland image 
23. var notcdl = cdlimg 
24.     //111 Open Water, 112 Perennial Ice/Snow 
25.     .eq(111).or(cdlimg.eq(112)) 
26.     // 121 Developed/Open Space, 122 Developed/Low Intensity, 123 Developed/Med 

Intensity, 124 Developed/High Intensity 
27.     .or(cdlimg.eq(121)).or(cdlimg.eq(122)).or(cdlimg.eq(123)).or(cdlimg.eq(124)) 
28.     // // 141 Deciduous Forest, 142 Evergreen Forest, 143 Mixed Forest 
29.     .or(cdlimg.eq(141)).or(cdlimg.eq(142)).or(cdlimg.eq(143)) 
30.     // // 190 Woody Wetlands, 195 Herbaceous Wetlands 
31.     .or(cdlimg.eq(190)).or(cdlimg.eq(195)) 
32.     // // 152 Shrubland, 176 Grassland/Pasture 
33.     .or(cdlimg.eq(152)).or(cdlimg.eq(176)); 
34.   
35. var cdl = notcdl.not(); 
36.   
37.   
38. // SOC---------------------------------------------------------------- 
39.   
40. // Multiply soil organic carbon and bulk density. 
41. var SOCbands = socc.multiply(bd).multiply(0.05); 
42.   
43. // Select SOC bands. 
44. var SOC = SOCbands.select('b0', 'b10', 'b30', 'b60', 'b100').reduce('sum'); 
45. Map.addLayer(SOC, { 
46.     min: 12, 
47.     max: 242 
48. }, 'SOC', 0); 
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49.   
50. // Get visualization properties for cropland. 
51. var cdlImg = cdlcoll.first(); 
52. var names = ee.List(cdlImg.get('cropland_class_names')); 
53. var values = ee.List(cdlImg.get('cropland_class_values')); 
54. var colors = ee.List(cdlImg.get('cropland_class_palette')); 
55.   
56. values = values.map(function(val) { 
57.     return ee.Algorithms.String(val); 
58. }); 
59.   
60. var visProps = ee.Dictionary.fromLists(values, names.zip(colors)); 
61.   
62. // FUNCTION---------------------------------------------------------------- 
63.   
64. function clgrp(i) { 
65.   
66.     var aoi = states.filter(ee.Filter.inList('STUSPS', [(statelist.get(i))])); 
67.     var imgaoi = ee.Image().paint(aoi, 1); 
68.     Map.addLayer(imgaoi, {}, 'Area' + i, 0); 
69.     Map.centerObject(aoi, 7); 
70.   
71.     var st = ee.Number(stxlist.get(i)); 
72.     var stxa = stx.eq(st); 
73.     Map.addLayer(stxa, {}, 'Selected soil taxonomy' + i, 0); 
74.   
75.     var slopemin = ee.Number(slopeminlist.get(i)); 
76.     var slopemax = ee.Number(slopemaxlist.get(i)); 
77.     var slope = ee.Terrain.slope(srtm); 
78.     var slopemask = slope.gte(slopemin).and(slope.lt(slopemax)); 
79.     Map.addLayer(slopemask, {}, 'Selected slope' + i, 0); 
80.   
81.     var cg = slopemask 
82.         .updateMask(stxa 
83.             .and(slopemask) 
84.             .and(cdl.eq(1)) 
85.             .and(imgaoi.eq(1))); 
86.     Map.addLayer(cg, { 
87.         palette: 'brown' 
88.     }, 'Cropland Group' + i); 
89.   
90.     var cgProjection = cg.projection().nominalScale(); 
91.   
92.     // Compute SOC percentiles for Cropland Group 
93.     var SOCperc = SOC.updateMask(cg.eq(1)).reduceRegion({ 
94.         reducer: ee.Reducer.percentile([20, 50, 80]), 
95.         geometry: aoi, 
96.         scale: cgProjection, 
97.         maxPixels: 1e13 
98.     }); 
99.   
100.     // Get Degraded Cropland.  
101.     var dc = cg.updateMask(SOC.lte(SOCperc.getNumber('sum_p20'))); 
102.     Map.addLayer(dc, { 
103.         palette: 'red' 
104.     }, 'Degraded Cropland' + i); 
105.   
106.     // Get the histogram of crop types so we can know labels 
107.     // make sure n matches dcCropTypeCount. 
108.     var dcCropTypeHist = cdlimg.updateMask(dc).reduceRegion({ 
109.         reducer: ee.Reducer.frequencyHistogram(), 
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110.         geometry: aoi, 
111.         scale: cgProjection, 
112.         maxPixels: 1e13 
113.     }); 
114.   
115.     // Get the histogram keys so we have labels. 
116.     var dcCropTypeList = ee.Dictionary(dcCropTypeHist.get('cropland')).keys(); 
117.     dcCropTypeList = dcCropTypeList.map(function(str) { 
118.         return ee.Number.parse(str); 
119.     }); 
120.   
121.     // Map over the labels so calculate area of each. Returns a list of features. 
122.     var dcCropTypeArea = dcCropTypeList.map(function(cropType) { 
123.         var area = ee.Image.pixelArea() 
124.             .divide(10000) 
125.             .updateMask(dc) 
126.             .updateMask(cdlimg.eq(ee.Number(cropType))) 
127.             .reduceRegion({ 
128.                 reducer: ee.Reducer.sum(), 
129.                 geometry: aoi, 
130.                 scale: cgProjection, 
131.                 maxPixels: 1e13, 
132.             }); 
133.   
134.         var cropTypeStr = ee.Algorithms.String(cropType); 
135.   
136.         return ee.Feature(aoi.geometry(), area).set({ 
137.             state: statelist.get(i), 
138.             stx: stxlist.get(i), 
139.             slopemin: slopeminlist.get(i), 
140.             slopemax: slopemaxlist.get(i), 
141.             croptypeval: cropTypeStr, 
142.             croptypename: ee.List(visProps.get(cropTypeStr)).getString(0), 
143.             croptypecolor: ee.List(visProps.get(cropTypeStr)).getString(1) 
144.         }); 
145.     }); 
146.   
147.     // Convert feature list to feature collection. 
148.     dcCropTypeArea = ee.FeatureCollection(dcCropTypeArea); 
149.     print('Degraded crop type area FC', dcCropTypeArea); 
150.   
151.     Export.table.toDrive({ 
152.         collection: dcCropTypeArea, 
153.         description: 'dcCropTypeArea_' + (i), 
154.         fileFormat: 'CSV' 
155.     }); 
156.   
157.     // TRIANGULATE CALCULATED AREAS-------------------------------- 
158.   
159.     function imgarea(img) { 
160.         var areas = ee.Image.pixelArea() 
161.             .divide(10000) 
162.             .updateMask(img) 
163.             .reduceRegion({ 
164.                 reducer: ee.Reducer.sum(), 
165.                 geometry: aoi, 
166.                 scale: cgProjection, 
167.                 maxPixels: 1e13, 
168.             }); 
169.   
170.         return ee.Number(areas); 
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171.     } 
172.   
173.     var dcSize = imgarea(dc); 
174.     var cdlSize = imgarea(cdl); 
175.     var stxaSize = imgarea(stxa); 
176.     var slopemaskSize = imgarea(slopemask); 
177.     var cgSize = imgarea(cg); 
178.   
179.     // Sum land area for aoi. 
180.     var aoiha = aoi.aggregate_sum("ALAND").getInfo() / 10000; 
181.   
182.     var sizes = ee.Feature(aoi.geometry()).set({ 
183.         state: statelist.get(i), 
184.         stx: stxlist.get(i), 
185.         slopemin: slopeminlist.get(i), 
186.         slopemax: slopemaxlist.get(i), 
187.         SOC20: SOCperc.getNumber('sum_p20'), 
188.         SOCperc: SOCperc, 
189.         dcSize: dcSize, 
190.         aoiha: aoiha, 
191.         cdlSize: cdlSize, 
192.         stxaSize: stxaSize, 
193.         slopemaskSize: slopemaskSize, 
194.         cgSize: cgSize 
195.     }); 
196.   
197.     var sizesFC = ee.FeatureCollection(sizes); 
198.     print('Sizes FC', sizesFC); 
199.   
200.     Export.table.toDrive({ 
201.         collection: sizesFC, 
202.         description: 'sizesFC_' + (i), 
203.         fileFormat: 'CSV' 
204.     }); 
205.   
206.     return; 
207.   
208. } 
209.   
210. var output = clgrp(0); // Enter number for Cropland Group here.  
211.   
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