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Abstract

:

Between 2010 and 2020, an average of 36,037 hectares of grassland burned in wildfires in California each year, emitting greenhouse gasses (GHGs) and particulate matter (PM). These emissions impact climate and human health. Cattle grazing removes herbaceous fuel through the consumption of forage; however, ruminant digestion also emits GHGs. The purpose of this study was to examine the GHG and PM impact of livestock grazing in grasslands that go on to burn. We used Monte Carlo simulation to determine whether forage consumption by livestock led to reductions in grassland wildfire emissions and whether these reductions outweighed the emissions from the digestion of that forage. We estimate that between 2010 and 2020, an average of 11,590 metric tons (MT) of herbaceous fuel were removed by cattle annually from grasslands in California that went on to burn. This resulted in annual wildfire emission reductions ranging between 0.001 and 0.025 million metric tons (MMT) of CO2 equivalents (CO2e) and between 11 and 314 MT of PM2.5; a small fraction of total GHG and PM emissions from wildfires in California. We also evaluated the change in emissions if burned grasslands in California’s Central and North Coast regions—where removing grazing can lead to the encroachment of shrubs into grasslands—were instead shrublands. If the grasslands that burned in these regions in 2020 had instead been shrublands, we estimate that as much as 0.90 MMT more CO2e and 8448 MT more PM2.5 would have been emitted by wildfires, highlighting the long-term implications of livestock grazing.
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1. Introduction


1.1. Wildfires in California: Recent Trends and Impacts


Recent fire seasons in California have been among the worst on record, part of a trend of larger and more severe wildfires driven in part by climate change [1,2,3,4]. Both the area burned by wildfire and the incidence of severe wildfires and megafires are projected to increase in the coming decades [2]; however, management practices have the potential to mitigate these projected changes substantially [2,5,6].



In addition to threatening human lives, buildings, and landscapes, wildfires emit large quantities of both greenhouse gases (GHGs) and particulate matter (PM), which contribute to climate change and reduced air quality [7,8]. Wildfire emissions include carbon dioxide, methane, nitrous oxide, carbon monoxide, and a form of PM called black carbon (BC), all of which have climate impacts [8,9,10]. While carbon dioxide is the major component of wildfire emissions, non-carbon dioxide emissions can substantially increase the CO2-equivalent (CO2e) emissions of wildfires. In addition to their climate impact, wildfire emissions can elevate PM2.5 concentrations to hazardous levels in major population centers [11,12,13]. Though only a small percentage of total wildfire emissions, CO2 and PM from grassland wildfires in California can be large in absolute terms. In 2020, the state’s largest recorded wildfire year, grassland wildfires emitted approximately 2 million metric tons of CO2 (not including CO2e from non-CO2 emissions) [7].




1.2. Cattle Grazing, Wildfire, and the Carbon Cycle on California Rangelands


Grazing is a common, extensive land use and a vegetation management tool on California’s rangelands, taking place on ~13.8 million hectares (ha) (34.1 million acres (ac)), or 33% of the state’s total land area [14]. Rangelands include grassland, shrubland, and savanna ecosystem types [14]; however, this paper focuses on grasslands, as cattle preferentially graze on grasses and forbs [15]. Grazing occurs on both private and public lands; roughly 5.7 million ha (14 million ac) of non-federal land and 7.7 million ha (19 million ac) of federal land are grazed in California [16,17,18,19]. Beef cattle are by far the most prevalent grazing animal on California rangeland [20,21]. Grazing can be used as a fire management tool, and fuel reduction through livestock grazing is a goal frequently included in management plans by state, regional, county, and local agencies [22].



In California grasslands, the amount of carbon uptake and whether a particular site is a net carbon source or sink can vary interannually, largely due to variability in annual rainfall [23,24,25]. Cattle grazing may affect soil carbon storage in California grasslands, though any effects appear specific to site characteristics and grazing regime [26,27,28].



The most significant way in which cattle grazing impacts rangeland carbon storage and emissions is at longer time scales, where cattle grazing can affect shrub encroachment onto grasslands. Where grazing is absent and fires are suppressed, there is a trend of shrub encroachment onto grassland in coastal parts of the state [29,30,31,32]. Cattle grazing has been found to prevent or slow shrub encroachment in the North Coast region [30,31,32]. Shrubland contains substantially more carbon than grassland in the form of above- and belowground biomass, though soil carbon amounts are similar between the two ecosystem types [32,33,34].



Livestock grazing is also responsible for significant emissions of greenhouse gases: beef cattle grazing on rangelands emit methane from the enteric fermentation of forage and nitrous oxide from nitrogen in manure [35]. Globally, emissions from grazing-based beef operations account for 875.4 MMT CO2e in emissions annually [36] or approximately 12% of global livestock emissions. Cumulatively, livestock contribute approximately 14.5% of human-caused greenhouse gas emissions [36]. In California, beef cattle production emits approximately 3.4 MMT CO2e annually [37].



At the same time, grazing also results in the removal of billions of pounds of forage across the state, which reduces the amount of fuel available for combustion in the event of wildfire [22] and creates patchiness of fuel which can reduce the fire’s spread across the landscape [38,39,40,41]. In 2017, beef cattle grazing removed an estimated average of 668 kg per ha (596 pounds per ac) of forage/fuel from grazed rangelands throughout the state. The amount of fuel consumed per acre varied by region, from approximately 195 kg/ha (174 lbs/ac) removed in the Southeast Interior region to 1143 kg/ha (1020 lbs/ac) removed in the San Joaquin/Sierra region [22]. The regions used by Ratcliff et al. (2022) [22] are shown in Figure 1. The total estimated fuel reduction by cattle in California in 2017 was 5.3 billion kg (11.6 billion lbs).



Both cattle grazing and wildfire affect greenhouse gas emissions from rangelands in California. In light of this, here we investigate how grazing may modify emissions of greenhouse gases and particulates from grassland wildfires in California. We estimate the difference in emissions between grazed and ungrazed burned grasslands and how short-term impacts from the removal of herbaceous fuels compare to long-term impacts from altering grassland–shrubland successional dynamics. To answer these questions, we performed three analyses: (1) We built a model to assess the trade-offs between grazing and fire emissions on grasslands in California for the years 2010–2020. (2) We performed a case study to assess the impacts of grazing on emissions from the 2020 SCU Lightning Complex fires. (3) We evaluated GHG and PM2.5 emissions from burned shrublands versus grasslands to provide context for the long-term impacts associated with livestock grazing and shrub encroachment.



There is considerable uncertainty in the estimates of GHG and PM emissions from wildfires [8], greenhouse gas emissions from livestock [42], and even in the estimated global warming potential of some key emissions [10]. In cases where uncertainty is high, probability distributions are non-normal, and model functions are complex, Monte Carlo simulation models provide a method to estimate emissions while representing uncertainty associated with the estimate [43,44]. Representing uncertainty in the results in these cases (rather than just mean values) is important so that confidence in the estimate can be assessed. A Monte Carlo approach was a key component of our model, and our results are presented with uncertainty derived from several published sources.





2. Materials and Methods


2.1. Greenhouse Gas and Particulate Matter Model


To evaluate the influence of cattle grazing on the emissions of greenhouse gasses and particulate matter from grazed grasslands that burn in wildfires, we built a deterministic model that simultaneously estimated the emissions of greenhouse gases and particulate matter from cattle grazing activities and from wildfires (hereafter “GHG_PM Model”). Model inputs included parameters for the quantity and forage quality of aboveground biomass, the amount of forage consumed through grazing, wildfire characteristics, and emission factors associated with fire and grazing (Supplemental Table S1). Model outputs were the major GHG and PM emissions associated with wildfires and cattle grazing.



Fire emission factors were based on grassland emission factors in the First Effects Fire Model [45] and its source document for the grassland emission factors [8] (Supplemental Table S1). Livestock grazing emission factors were obtained from the Intergovernmental Panel on Climate Change (IPCC) Chapter 10 (2019) [42]. We assumed that livestock grazing resulted in no additional particulate emissions. Model variables, default parameters, and equations are shown in the Supplemental materials. Additional references cited in the Supplemental materials, but not elsewhere in the main text, are as follows: Cromer (2017) [46], Friedl et al. (2005) [47], Larsen et al. (2021) [48], and National Research Council (2000) [49].



To characterize uncertainty in our model results, we created a function that simulated 1000 input values for the GHG_PM Model with emission factor values drawn from known distributions to simulate the range of values for each emission factor. Values and their sources are in Supplementary Table S1. Summary statistics were then performed on the resulting 1000 estimated values to determine the mean and spread of data (5 to 95% percentiles of all simulated data results).



To evaluate GHG emissions, we converted all emissions to CO2 equivalents (CO2e) using GWP100 values based on Myhre et al. (2013) [10]. GWP100 values used in our analysis were CH4 = 28, CO = 1.8, and N20 = 298. Black carbon has highly variable GWP100 values: mean = 900, range = 100–1700. Therefore, we included uncertainty in the GWP values for black carbon when we calculated our results. All other GWP values use the mean GWP100 value. Black carbon amount was not directly estimated from the FOFEM emission factors; therefore, we estimated it as 19% of all PM2.5 emissions following the California Air Resources Board (2015) [50]. All modeling and computation were performed in the program R [51].




2.2. State-Wide Case Study


The state-wide case study evaluated the impact of livestock grazing on wildfire emissions from 2010 to 2020. To do so, we needed to know the total amount of forage removed by cattle on burned grasslands in the state. We estimated this using Equation (1).


total forage removed by cattle = grassland acres burned × cattle forage consumption per acre



(1)







To calculate the grassland area burned, we performed spatial analyses in ArcGIS [52]. Wildfire boundaries from 10 consecutive years (2010–2020) were extracted from the CALFIRE Fire Perimeters data [53]. A vegetation layer from the USGS GAP/LANDFIRE National Terrestrial Ecosystems (GAP) was intersected with the fire boundaries from each year to produce an overlay of the types of vegetation burned [54]. Burned grasslands were subsetted from the entire intersection, and this layer was divided into 6 distinct regions (Figure 1).



Per-acre forage consumption in each region was based on Ratcliff et al. (2022) [22], which showed that average forage consumption per acre by beef cattle varies by region. The regional consumption values from that study were (1) Central Coast region = 230 lbs/ac, (2) North Coast region = 450 lbs/ac, (3) Sacramento–Sierra–Cascade region = 246 lbs/ac, (4) San Joaquin–Sierra region = 588 lbs/ac, (5) South Coast region = 23 lbs/ac, and (6) Southeast Interior region = 16 lbs/ac. These numbers are based on the kind, class, number, and duration of grazing per unit of grazed land. These values were influenced by variations in average forage production and livestock production practices. These values represent forage consumed on all rangelands in a region, regardless of whether they were grazed or not. This was necessary since we do not know which rangelands in the state are grazed and which are not. Therefore, the average grazing across all rangelands regardless of grazing status was used to calculate the total forage removed from burned grasslands in each region. It should be noted that these values represent estimated regional averages. Grazing intensity (and fuel removal) is highly variable within regions, and can even vary within a given ranch or pasture [22].



In the model, the fire alarm date—the date each fire was first recorded by CALFIRE—was used to signify the end of the grazing period and to estimate the proportion of the total grazing year when grazing actually occurred. The fire alarm date for each fire was also used to determine how much the remaining fuel should be reduced due to the summer decomposition of aboveground biomass. We assumed that the grazing season started in October of the previous year. Therefore, if a fire burned in June, we assumed that 75% of the average forage consumption for that region would have been consumed, rather than the 100% that would have been consumed if cattle were allowed to graze the entire season. This assumption may overestimate use in summer pastures; however, it may conversely underestimate use on rangelands where cattle are removed before fall.



Monte Carlo Model. The model tracks all carbon flowing into and out of the system (in aboveground biomass) over the course of a year. It estimates the amount of CO2 removed from the atmosphere to create the aboveground biomass in a grassland in a given year (based on the carbon content of the vegetation and the total production of aboveground biomass). The fate of that carbon (and other elements in the aboveground biomass) is then modeled using established emissions factors for livestock, including enteric methane, nitrogen excretion and volatilization, and methane emissions from manure. CO2 from livestock respiration and manure decomposition is calculated after removing the carbon fraction from the total carbon consumed. Fuel load takes into account biomass consumed by livestock and fractional loss due to summer decomposition. GHG and PM emissions from vegetation burned in wildfires are calculated based on fuel load using the emissions factors from Urbanski et al. (2014) and FOFEM (2020) [8,45]. Unconsumed and unburned biomass is subject to summer decomposition during the summer months and winter decomposition during the winter months, each resulting in CO2 emissions. Belowground carbon balance is not accounted for in this model because the relationship between belowground carbon sequestration and grazing is not well established in California and is likely highly site-specific [23,26].



Default parameters (and their associated variations) are used for all emission factors in the GHG_PM Model. These parameters include uncertainty parameters from the published literature relating to forage quality (digestible energy: gross energy, total digestible nutrients, forage ash percent), livestock GHG emissions factors (N2O emission and volatilization, CH4 conversion factor), fire emissions factors (CO, CO2, CH4, PM2.5), and even variation in the GWP100 value of black carbon (Supplementary Materials Table S1). The model was run 1000 times. In each iteration, values were drawn randomly from the distributions of these variables and the model output was saved. Results included mean values and 95% confidence intervals drawn from the resulting simulated dataset. Model equations and parameter values are provided in the Supplementary Materials.




2.3. SCU Lightning Wildfire Complex Case Study


This case study was similar to the state-wide case study; however, it only evaluated emissions from one fire complex in the year 2020. The SCU Lightning Wildfire Complex burned 160,508 hectares (396,624 acres) in six counties in Central California. It burned from 18 August 2020 to 1 October 2020.



Unlike the state-wide case study, we have actual stocking rates for the ranches within the SCU Wildfire burn areas. Stocking rates for 2020 (in AUM per acre) were obtained for ranches by interviewing ranchers in Santa Clara County, San Joaquin County, and Stanislaus County and by contacting the East Bay Regional Parks District (EBRPD) and the San Francisco Public Utilities Commission (SFPUC), both large rangeland owners in the affected area. In Santa Clara County, all ranches with >80.9 hectares (200 acres) of burned grassland were contacted (representing 96% of grazed grasslands that burned in that county). Elsewhere, all ranches with burned grassland were contacted. When direct information was not available for a grazed parcel, educated guesses were made from adjacent parcels or based on standard stocking rates in the county.



Parcel maps of these areas were intersected with a vegetation map [55] to determine the total grassland acres burned per ranch in Santa Clara County and Alameda County. In San Joaquin and Stanislaus Counties, a vegetation layer from the USGS GAP/LANDFIRE National Terrestrial Ecosystems (GAP) project was used to derive the total grassland acres burned [54]. The total acres of each parcel were multiplied by forage removed per acre (based on AUM stocking rates) to determine the total forage removed by cattle before the fire burned grasslands in this area.



This total amount of consumed forage was then evaluated in the GHG_PM model to estimate the difference in GHG and PM emissions due to forage removal by cattle. As with the state-wide case study, default parameters (and their associated variations) were used in a Monte Carlo model to estimate GHG and PM emissions with uncertainty (Supplementary Table S1). The model was run with 1000 iterations with simulated variability in input parameters.




2.4. Shrub and Grass Analysis


To examine the potential long-term effects of grazing on wildfire emissions, we modeled how shrub encroachment could affect CO2e and PM2.5 emissions from wildfires in areas where shrub encroachment into grasslands occurs in the absence of grazing. The best-documented shrub encroachment dynamic in California is the Northern Coastal Scrub in the grassland/shrubland areas of the Central and North Coast regions of the state [29]. Therefore, we used this as our model system. We also included Coastal Sage Scrub in the model since it is a common shrub type in the area, with known fuel parameters [45]. This analysis estimated the total amount of CO2e and PM2.5 emissions if grasslands that burned in the Central Coast and North Coast Regions had instead been either type of shrubland, then it calculated the difference between emissions from a grazed grassland and the two shrub types. It addresses the question of how much additional CO2e and PM2.5 would be released by a wildfire in the Central and North Coast Regions if the grasslands in those regions were to transition to shrublands in the absence of grazing.



We estimated per-acre emissions from Coastal Sage Scrub by using emissions estimates for this shrubland type from [45]. For Northern Coastal Scrub, we multiplied the Coastal Sage Scrub emissions by the ratio of total fuel loads in Northern Coastal Scrub (18.73 MT/ha (8.4 tons/acre), per Russell and McBride (2003) [32]) to Coastal Sage Scrub (38.1 MT/ha (17 tons/acre), per FOFEM (2020) [45]). We did this because there is no pre-set fuel parameter for Northern Coastal Scrub, but it shares some species and characteristics with Coastal Sage Scrub. Grasslands were assumed to have 2.24 MT/ha (1 ton/acre) of biomass at the time of the burn. This is based on several long-term residual dry matter estimates from multiple sites in the Central and North Coast regions [56,57,58].



To assess how much more CO2e and PM2.5 would have been emitted by wildfires if the grasslands that burned in the North and Central Coast regions were converted to shrubland in the absence of grazing, we multiplied the shrubland emissions per acre by total grassland acres burned in these regions in 2020. This analysis shows what would happen if 100% of grasslands were instead shrublands. In truth, the removal of cattle grazing would not result in all grassland types converting to shrublands, so this number is best viewed as a high estimate. Importantly, this analysis does not consider the effect of carbon storage in shrub biomass. The overall effect on radiative forcing is a more complex topic that should consider shrub encroachment rates, C accumulation rates, long-term grazing emissions, and fire return intervals.





3. Results


3.1. State-Wide Analysis


Between 2010 and 2020, an average of 36,037 ha (89,049 ac) of grassland burned annually in wildfires in California. Over that time period, there was a trend of larger areas of grassland burning annually (Figure 2). The average annual burn area varies significantly between regions of the state, from 1877 ha (4637 ac) in the Southeast Interior counties to 10,936 ha (27,023 ac) in the Sacramento–Sierra–Cascade region (Table 1). In general, the counties with a larger grassland area burned also had higher average fuel removal rates due to higher livestock stocking rates. Grazing resulted in variable fuel removal between regions. On average, between 2010 and 2020, grazing livestock removed 11,590 metric tons (12,775 tons) of fuel each year from California grasslands that later burned in wildfires (Figure 3 and Figure 4).




3.2. SCU Lightning Complex Wildfire


The SCU Lightning Complex Fires burned a total of 22,817 hectares (56,382 acres) of grazed grassland in Santa Clara County, San Joaquin County, Stanislaus County, and Alameda County (Table 2). Eight hundred and twenty-three acres of grazed grassland in Santa Clara County were omitted because it occurred on parcels with less than 81 hectares (200 acres) of burned grassland, and 291 hectares (718 acres) of burned grassland was omitted in Alameda County because it was outside the East Bay Regional Parks District and San Francisco Public Utilities Commission lands. Burned areas included privately owned land in addition to the public lands in the SFPUC Alameda Watershed and the EBRPD. Cumulatively, grazing in grasslands affected by the SCU Lightning Complex Fires resulted in the estimated removal of 9618 MT (10,602 tons) of forage (and fuel) before the SCU fires began (Table 2).



This forage would support 21,203 cows (and calves up to 6 months of age) for one month or 1767 cows for a year. The forage consumed by these animals resulted in the estimated emission of 239 MT of methane (99.7% from enteric fermentation) and 3.5 MT of nitrous oxide from nitrogen excreted in manure. These emissions have a cumulative impact of 0.008 MMT (7753 MT) of CO2e.



If the forage that was consumed by cattle was instead burned in the SCU fires, the model predicts that 0.0051 MMT (5109 MT) more CO2e would have been emitted. The majority of this difference in CO2e is due to the emission of black carbon from the combustion of fuel, which accounted for 0.01 MMT (10,600 MT) of CO2e. As with the state-wide results, high uncertainty in the GWP100 estimate for black carbon is responsible for most of the uncertainty in the results.




3.3. Effect of Shrub Encroachment on GHG/PM Emissions in Fire


In our model, if the grassland area that burned in the Central and North Coast regions in 2020 had instead been shrublands, these fires would have released between 0.35 and 0.90 MMT (0.39 to 0.99 million tons) more CO2e and 3674 to 8448 MT (4050 to 9312 tons) more PM2.5 than fires in grazed grasslands would have, depending on shrub type. When compared to the 0.02 MMT CO2e and the 302 MT of PM2.5 mitigated by grazing herbaceous fuels in grasslands across the whole state in 2020, the long-term impact of preventing grasslands from becoming shrublands in just the Central and North Coast regions could have an 18 to 45 and 12 to 28 times greater impact on mitigating CO2e and PM2.5 emissions from wildfire (respectively) than reducing herbaceous fuels through grazing at the state-wide level. These estimates are based on existing grasslands being converted to 100% cover of shrublands before burning. The magnitude of these emissions is highly dependent on the percentage of grassland that is converted to shrubland, the rate of encroachment, and the total aboveground biomass attained by the shrubland before burning.





4. Discussion


4.1. CO2 Equivalents


Taking into account the GHGs emitted by cattle grazing as well as the GHGs emitted by wildfires reveals that grazing tends to reduce the amount of CO2e emitted from wildfires in grazed grasslands. In 2020, when the largest area of grassland burned in the past 11 years, this mitigation of greenhouse gasses via grazing totaled 0.025 MMT (0.028 million tons) of CO2e statewide. While significant, it is a very small portion of the estimated 107 MMT of CO2 released by wildfires in California in 2020, the majority of these emissions coming from forests [7]. On average, only 36,037 hectares (89,049 acres) of grassland burned annually between 2010 and 2020. This is a small fraction of the grazed grasslands in California. In years where grazing occurs in an area but there is no wildfire, there are still CH4 and N2O emissions from cattle grazing, so there is a net emission of GHGs in those years from grazing. Therefore, over time, the degree to which grazing will contribute to or offset GHG emissions from wildfire in an area is a factor of fire return intervals, total forage production, and the total consumption of forage by cattle.



Our model’s estimate of the GHG mitigation provided by cattle grazing on grasslands that go on to burn is likely an underestimate. There are several variables that this analysis did not consider, which could potentially increase the total amount of CO2e mitigated by grazing in grasslands that go on to burn. For instance, grazed grasslands may exhibit less severe fire behavior than ungrazed grasslands [22,38,39,40,41,59], thus reducing the total burn area. Another variable we did not consider was the long-term accumulation of fuels. Even annual grasslands may accumulate multiple years of residual dry matter that can increase biomass over time. However, this accumulation is affected by site factors, annual weather, management, and vegetation; thus, it is not directly estimable using existing models. Therefore, our analysis only looked at forage consumed annually, rather than comparing the long-term exclosure of grazing with grazed grasslands.



A major limitation in our ability to estimate the effect of livestock grazing on CO2e emissions from wildfires is the high degree of uncertainty associated with GWP values for black carbon [10]. If black carbon is excluded from our model, the effect of grazing on CO2e from grasslands that burn is negligible or even positive. However, if black carbon is included, the effect is strongly negative—although the 5 to 95 percentile spread of the data includes some positive values (Figure 3). Additionally, black carbon’s impact on global temperature may be on the higher end of the Myhre et al. (2013) [10] spectrum [60]. More specific parameters on the GWP of black carbon and related compounds (such as brown carbon) would help provide more precise estimates.




4.2. PM2.5


PM2.5 is an important air pollutant both because of its heat-trapping potential and its negative effects on human health. In our model, grazing (if present) only reduced emissions of PM2.5 in burned grasslands. Between 2010 and 2020, the average PM2.5 mitigation provided by grazing in grasslands that burned in wildfires was only 0.02% of the state’s average total estimated annual PM2.5 emissions and 0.04% of the state’s average annual PM2.5 emissions from wildfire during that period [9,61]. However, PM2.5 emissions occurring closer to or upwind from population centers can have a greater effect on air quality in nearby regions than more distant fires [11,12]. Therefore, grazing may be especially useful as a tool for reducing herbaceous fuels and potential associated PM2.5 emissions from wildfire, in close proximity to or upwind from population centers.




4.3. Shrub/Grass Dynamics


The biggest impact of grazing and ranching on CO2e and PM2.5 emissions from wildfire is arguably in their longer-term influence on the balance of grasses and shrubs in California rangelands. The relationship between shrub encroachment, the persistence of shrub stands, and the accumulation of fuels is complex and varies depending on region, ecological site factors, shrubland type, and management practices [29,30,31,32,62]. Grazing and associated ranch management practices such as shrub removal can slow or stop shrub encroachment into grasslands in coastal regions of the state or may even cause type conversions from shrublands to grasslands [29,31,32]. However, in montane meadows and hot desert (Mojave and Sonoran) rangelands, grazing may cause or exacerbate shrub encroachment [63,64,65,66].



Shrublands have much more aboveground biomass when compared to grasslands, with higher levels of belowground root biomass as well, although soil C storage can be similar in the two ecosystem types [32,33,34]. In the Central and North Coast regions of California, mature Northern Coastal Scrub can have 18.73 MT/ha (8.4 tons/acre) of aboveground biomass [32] and mature Coastal Sage Scrub can have 38.1 MT/ha (17 tons/ac) of aboveground biomass [45], while many grazed grasslands carry only between 900 and 3363 kg/ha (800–3000 lbs/ac) of aboveground biomass at the end of the grazing season (peak fire season).



However, the accumulation of aboveground biomass in shrublands results in the storage of atmospheric carbon. Therefore, unlike grasslands, where research has shown mixed or uncertain results from the effect of grazing management on ecosystem carbon storage [23,26,27,28,67], rangelands that experience shrub encroachment in the absence of grazing will accumulate aboveground carbon up to some point determined by the shrub type, ecosystem constraints, or major disturbances (such as wildfires).



As a result, the question of whether livestock grazing leads to more or less radiative forcing from the long-term management of rangelands with alternate grassland and shrub states requires further research and will rely on several variables, including (but not limited to): (1) fire return interval, (2) shrub encroachment rates, (3) long-term grazing emissions, and (4) the total C stored in plant material.



CO2e is only one consideration when contemplating the cumulative effect of livestock grazing on wildfires in grassland–shrubland mosaic systems. Wildfires in shrublands emit far greater levels of PM2.5 than grasslands. As PM2.5 associated with livestock grazing is assumed to be negligible, this would be a net emission associated with shrub encroachment and subsequent wildfire. Similarly, the accumulation of fuels associated with shrub encroachment can lead to more severe wildfire behavior. High fuel loads can lead to long flame lengths, a rapid rate of spread, and high fireline heat intensity [59,68,69,70,71,72]. As a consequence, all emissions will increase if wildfires are more difficult to fight and cover a greater area, and other factors such as public safety, air quality, public health, and the production of ecosystem services may also suffer with more intense wildfires [73,74,75,76,77,78].





5. Conclusions


Cattle grazing significantly reduces herbaceous fuels in grazed California rangelands. Approximately 5.3 MMT (5.8 million tons) of fuel are removed by cattle from California rangelands annually [22], leading to the transformation of approximately 2.4 MMT (2.6 million tons) of carbon. This is on par with the 4.6 MMT of carbon transformed by forestry management in the state [7]. Of the 34 million acres grazed annually in California, tens of thousands of acres burn in wildfires each year. Between 2010 and 2020, cattle removed between 1580 MT (1742 tons) and 49,147 MT (54,175 tons) of fuel annually from grasslands that went on to burn in wildfires. After accounting for the production of methane and nitrous oxide emitted by cattle consuming this forage, there is a modest reduction in CO2e associated with grazing in grasslands that burn. This number does not alter the order of the magnitude of CO2e emissions from the beef industry in California; however, it demonstrates that fuel management by livestock can, to a minor degree, mitigate greenhouse gas and particulate emissions from grasslands that burn in wildfires.



In addition to CO2e emissions, cattle grazing can mitigate PM2.5 emissions associated with grassland wildfires. The strategic grazing of grasslands that are proximate to or upwind of population centers can help ensure that these PM2.5 reductions provide the most benefit for public health. The identification of these strategic areas is a topic for further research that would enable guidelines for rangeland management practices to optimally reduce fuel loads and potentially prevent shrub encroachment in key areas.



In areas of the state with documented grassland–shrubland successional dynamics, the long-term maintenance of grassland ecosystems by grazing and associated ranching practices may have much bigger effects on mitigating the emissions of greenhouse gasses and particulate matter from wildfires when compared with the effects of reducing herbaceous fuels alone. Transitions between grassland and shrubland states need to be better defined with respect to shrubland types, management, and ecological site factors across California to better understand the long-term impact of grazing management on wildfire risk, severity, and emissions.



The extent of wildfires in California has increased dramatically as a result of climate change and is predicted to increase with future warming [2,3]. The production of herbaceous forage (i.e., fuel) is predicted to increase and become more variable in some regions of the state [79]. The mitigation of wildfire emissions by livestock grazing is a function of fire return interval, the consumption of forage by livestock, and the accumulation of fuel (and carbon sequestered in that fuel) in the absence of grazing. Maximizing the benefit of livestock grazing as a tool for reducing wildfire emissions will require maintaining flexible grazing arrangements that support ranchers in the face of growing uncertainty in forage production and implementing a tactical grazing approach that targets fuel reduction in strategic areas that reduce the spread of and emissions from wildfires.








Supplementary Materials


The Supplementary Material offers more detail on the model parameters and equations used to estimate greenhouse gas and particulate matter emissions from livestock management and wildfires. The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/su151813539/s1, Table S1: Emission factors and model parameters used in the GHG_PM Model; Equations S1–S5. References [8,10,23,26,42,45,46,47,48,49,80] are cited in the supplementary materials.
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Figure 1. Beef cattle grazing regions of California (from Ratcliff et al. 2022) [22]. 






Figure 1. Beef cattle grazing regions of California (from Ratcliff et al. 2022) [22].



[image: Sustainability 15 13539 g001]







[image: Sustainability 15 13539 g002] 





Figure 2. Acres of grassland burned annually in California [53,54]. 






Figure 2. Acres of grassland burned annually in California [53,54].



[image: Sustainability 15 13539 g002]







[image: Sustainability 15 13539 g003] 





Figure 3. Quantity of CO2e mitigated by grazing in burned grasslands across California. The shaded regions show the spread of the data from 5 to 95 percentiles from the Monte Carlo simulation. The green (upper) area represents avoided emissions and the red (lower) represents additional emissions due to grazing. Black dots and lines represent the mean value of CO2e mitigation from 1000 simulation iterations. Data sources for the GHG analysis are described in the Supplemental materials. 
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Figure 4. Annual mitigation of PM2.5 in grazed and burned grasslands across California. The shaded region shows the spread of the data from 5 to 95 percentiles in the Monte Carlo results. Black dots and lines represent the mean value of PM2.5 mitigation from 1000 simulation iterations. Data sources for the PM2.5 analysis are described in the Supplemental materials. 
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Table 1. Regional summary information for burned grasslands from 2010 to 2020. Standard errors (in brackets) are based on the mean values for each of the 11 years calculated per region. The columns on the far right reflect how much more emissions would have occurred if the burned grasslands had not been grazed. Data sources are described in the Supplemental materials. Note: CO2e is presented here in metric tons (MT) not millions of metric tons (MMT) because the magnitude of some emissions is very small.






Table 1. Regional summary information for burned grasslands from 2010 to 2020. Standard errors (in brackets) are based on the mean values for each of the 11 years calculated per region. The columns on the far right reflect how much more emissions would have occurred if the burned grasslands had not been grazed. Data sources are described in the Supplemental materials. Note: CO2e is presented here in metric tons (MT) not millions of metric tons (MMT) because the magnitude of some emissions is very small.













	
	Average Annual Burned Grassland
	Annual Fuel

Removal Rate by Cattle
	Average Annual Fuel Removal in Burned Grasslands
	Average CO2e Mitigated by Grazing
	Average PM2.5

Mitigated by Grazing





	Units
	ha
	kg/ha
	MT
	MT
	MT



	Central Coast
	6129 (2585)
	257
	1408 (604)
	710.9 (305)
	9 (3.8)



	North Coast
	6863 (2638)
	504
	3229 (1245)
	1409.4 (585.8)
	19.4 (7.6)



	Sacramento Sierra Cascade
	10,936 (5047)
	277
	2671 (1257)
	1445 (677.9)
	17.5 (8.2)



	San Joaquin Sierra
	7266 (2822)
	660
	4184 (1721)
	2246.9 (818.2)
	27.4 (10.7)



	South Coast
	2965 (915)
	25
	68 (23)
	33.6 (9.6)
	0.4 (0.1)



	Southeast Interior
	1877 (516)
	17
	29 (9)
	15.8 (4)
	0.2 (0.1)



	Total
	36,036
	NA
	11,590
	5861.6
	73.9










 





Table 2. Counties, water districts, and park districts affected by the SCU Lightning Complex fires. Data sources are described in the Supplemental materials. Note: CO2e is presented here in metric tons (MT) not millions of metric tons (MMT) because the magnitude of some emissions is very small for some areas.
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	Grazed and Burned Grassland Area
	Average Forage Consumed
	Total Forage (Fuel) Removal by Cattle
	CO2e Avoided by Grazing (5th and 95th Percentiles)
	PM2.5 Avoided by Grazing (5th and 95th Percentiles)





	Units
	ha
	kg/ha
	kg
	MT
	MT



	Santa Clara County
	6291
	339
	2,128,343
	1073 (−1247, 4936)
	13 (0, 26)



	San Joaquin County
	3048
	462
	1,412,083
	708 (−779, 3061)
	9 (0.4, 18)



	Stanislaus County
	11,659
	460
	5,347,265
	2937 (−2702, 12,503)
	35 (3, 67)



	EBRPD
	471
	131
	61,288
	31 (−34, 130)
	0.4 (0, 0.7)



	SFPUC
	1348
	497
	668,652
	360 (−362, 1584)
	4 (0.2, 8)



	TOTAL
	22,817
	423
	9,617,631
	5109 (−5124, 22,214)
	62 (4, 120)
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