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For more than 10 million years, large, herd forming ruminants have thrived as parts of sustainable grazing ecosystems. Conversely, since their domestication 8,000–11,000 years ago, cattle, sheep, and goats have often exhibited dysfunctional relationships with the ecosystems they inhabit. A considerable literature, developed over decades, documents the negative impacts of animal agriculture and associated activities (e.g., feed production) on grassland ecosystems. Coincident with the accumulating data documenting the impacts of “conventional” animal agriculture, has been a growing interest in restoring functionality to agricultural grazing ecosystems. These “regenerative” protocols often seek to mimic the structure and functions of wild grazing ecosystems. The objectives of this paper were two-fold: First to review the literature describing the structure and some key functional attributes of wild and agricultural grazing ecosystems; and second, to examine these attributes in conventionally and regeneratively managed grazing ecosystems and, assuming the wild condition to be the standard for sustainable grazer-environment relationships, to ascertain whether similar relationships exist in conventionally or regeneratively managed agricultural grazing ecosystems. Not unexpectedly our review revealed the complexity of both wild and agricultural grazing ecosystems and the interconnectedness of biological, chemical, and physical factors and processes within these systems. Grazers may increase or decrease system functionality, depending upon environmental conditions (e.g., moisture levels). Our review revealed that biodiversity, nitrogen cycling, and carbon storage in regenerative grazing systems more closely resemble wild grazing ecosystems than do conventional grazing systems. We also found multiple points of disagreement in the literature, particularly with respect to aboveground primary production (ANPP). Finally, we acknowledge that, while much has been accomplished in understanding grazing ecosystems, much remains to be done. In particular, some of the variability in the results of studies, especially of meta-analyses, might be reduced if datasets included greater detail on grazing protocols, and a common definition of the term, “grazing intensity.”
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Introduction

Grasslands encompass some 40% of the earth's rock and snow-free landmass. They have historically supported migratory herds of abundant, large ungulates which, taken together, constitute productive “grazing ecosystems” (McNaughton, 1985; Frank et al., 1998) characterized by substantial energy transfers from primary producers to large mammalian herbivores, omnivores, and carnivores, and exceptional soil-carbon storage capacity (Kristensen et al., 2022). Given their spatiotemporal extent (39 million km2; 10 million years), wild grazing ecosystems can be considered highly sustainable. However, many of the earth's wild grazing ecosystems have been lost, and some of those remaining are threatened.

Grasses first appeared in northern South America, north Africa, and India during the late Cretaceous, ca. 107–129 Mya (Prasad et al., 2011), with a major emergence around 66 Mya (Piperno and Sues, 2005; Prasad et al., 2005). Today, ~12,000 grass species range over more than 40% of the earth's non-frozen surface. The cellulosic and silicious matrices that compose grass stems and leaves made their digestion by early herbivores difficult, facilitating their success and, coincidentally, the co-evolution of ruminant multi-chambered stomachs and abrasion-resistant hypsodont (high-crowned) dentition (McNaughton, 1991; Frank et al., 1998). Additional adaptations, such as keratin-encased digits suited for long distance travel over rough, uneven terrain emerged along a spectrum of climatological and geomorphic gradients at a multiplicity of spatial scales. The co-radiation of grasses, wild ungulates and large Australian macropods during the Miocene (Stebbins, 1981; Gould, 1986; Archibald, 2008), and the suites of reciprocally evolved, often interdependent morphological and physiological traits (Janis, 1993; Jacobs et al., 1999; Zachos et al., 2001; Hackmann and Spain, 2010; Saarinen, 2019) is thoroughly documented in the fossil record (e.g., Love, 1972; Morton, 1972; Stebbins, 1981; McNaughton, 1991; Jernvall and Fortelius, 2002; Bouchenak-Khelladi et al., 2009; Hodkinson, 2018). Though late Miocene declines in ungulate populations are associated with climate-forced transitioning from C3 to C4 grasses, hunting and land use practices of hominid and human populations for thousands of years resulted in body mass reductions and species extinctions among ungulates throughout Eurasia and Africa (Tsahar et al., 2009; Smith et al., 2018).

Domestication of animals and crops reached its zenith between 11,000 BC and 8,000 BC in the Middle East, Central, South and East Asia, and the Americas. While crop agriculture was confined to fertile soils, animal agriculture spread rapidly into the margins, where crop agriculture was impractical or impossible. Today, approximately two-thirds of the earth's landmass can only support animal agriculture (Kohler-Rollefson, 2021; World Bank, 2021). In arid and semi-arid regions, such as the African veld and Mongolian steppe, ruminant livestock for millennia has been moved by herders among circuits of oases and seasonally ephemeral grasslands and ponds (Turner and Hiernaux, 2002) or managed on grazing “circuits” across open plains, forest edges and wetlands (Gantuya et al., 2021). In boreal Europe, the movements of wild reindeer populations have been managed by Saami herders for centuries (Sommerseth, 2011). In cool temperate to subarctic regions, such as Scandinavia, Scotland and the English borderlands, small ruminants (sheep) were frequently released into high pastures in the spring and returned to their farms in the fall (McWhiney and McDonald, 1985). Similarly, rangeland in much of the western United States was freely grazed by cattle and sheep during the growing season, usually without concern for their impact on soil, vegetation, water, or ecosystem services. Throughout much of history, small-holder farmers integrated animal and crop agriculture when possible. Post-harvest crop remnants were grazed by livestock, and livestock dung provided fertilizer to crop fields (Howard, 1947).

With notable exceptions, agricultural ecosystems have been out of sync with wild grazing ecosystems, often disrupting wildlife distributions and changing plant communities and soil properties (Acocks, 1966a; Montgomery, 2017; Gordon, 2018; Kinka et al., 2021). As such, agriculture has contributed significantly to the degradation of native grasslands and the wild grazers they support (Daubenmire, 1940; Acocks, 1966a,b; Turner and Lawrence, 2012). The impacts of animal agriculture on wild ecosystems, particularly grazing ecosystems have been exacerbated by human-induced climate change (Hunninck et al., 2020). Agricultural disruption of native ecosystems increased during the mid-nineteenth century, and even more so since the early-twentieth century as a result of habitat disruption and land-use change (Jackson, 2002; Mligo, 2015; FAO, 2018; Gordon, 2018).

The emergence of industrial agriculture, with its focus on monoculture, the intensive use of inputs (e.g., synthetic fertilizers and pesticides), animal confinement, artificial growth stimulation, and increasing dominance by a few multinational meat production corporations, particularly since the end of World War II, has had significant impacts on farm and ranch profitability (Schlosser, 2001), food quality and safety (Daley et al., 2010), natural resources, ecosystem services and environmental health overall (Teague et al., 2011; Teague and Krueter, 2021). Although consideration of the socioeconomic impacts of industrial animal agriculture is beyond the scope of this paper, it must be stated that livestock management practices have implications not only to the functioning of grazing ecosystems, but to the functionality of human communities, economies, and public health systems. We confine ourselves here to the portion of the production system, and the portions of ruminant livestock (beef cattle, sheep, and goats) life cycles that occur on pasture or rangeland. In this paper we use the term conventional management (CM) to refer to the methods of livestock management often, but not always, associated with the industrial model of agriculture, that involves low density, long duration grazing. A more complete description of CM and its relationship to industrial agriculture is provided in Table 1.


TABLE 1 Descriptions of livestock management approaches in ruminant agriculture.

[image: Table 1]

An alternative to conventional management, which emerged from the organic and subsequent regenerative agricultural movements, is a suite of grazing management techniques that we refer to collectively as regenerative livestock management (RM). Because different authors and practitioners refer to RM by a variety of different terms, we have described some of the more commonly used terms in Table 1. Ultimately, RM seeks to mimic natural relationships between grazers, plant, and soil communities to restore and maintain soil health, protect natural resources, and optimize ecosystem services (Teague et al., 2011; Kleppel, 2014, 2021; Brown, 2018). Thus, RM has a dual focus: livestock production and environmental stewardship. As such, RM is necessarily pasture-based, i.e., livestock are on pasture during growing seasons for their entire lives. Ruminant diets consist solely of forages and hay and are not supplemented with high-energy feeds or growth stimulants.

There has been tension in the literature between proponents of RM and those who suggest that CM provides equal or superior results in terms of livestock production and certain ecosystem functions (Briske et al., 2008). We examine some of these issues below. However, as Flack (2016) points out, many farmers and ranchers integrate elements of several grazing strategies into their management plans, and most care little for what the exact strategy is called.

In this paper we ask: How do wild and agricultural grazing ecosystems compare? We describe and compare several key attributes and processes associated with the structure and functioning of wild, conventionally managed (CM) and regeneratively managed (RM) grazing ecosystems. Specifically, we focus on (i) the aggregation behaviors and movements of the ruminant grazers, (ii) the productivity of plants in grazed landscapes, (iii) the biodiversity and composition of plant communities in grazing ecosystems, and (iv) the dynamics of grazing ecosystem soils (nitrogen cycling, carbon storage, and microbial dynamics). Ultimately, we seek to ascertain the extent to which CM and RM agricultural grazing ecosystems are similar to or different from wild grazing ecosystems, which, given their persistence through time and space, could be considered a standard of sustainability.



Methods

We used the recently updated PRISMA guidelines as a framework for this review (Page et al., 2021), which sought to compile and, to the extent possible, integrate and compare data describing how wild, conventional and regenerative grazing ecosystems are structured and how they function. We were particularly interested in ascertaining how the structure and functioning of differently managed agricultural ecosystems are similar to and different from wild grazing ecosystems.

The literature searched consisted predominantly of the peer reviewed articles published in journals focused on wildlife management, ecology, agriculture, animal science, and soil science. We also accessed papers published in edited volumes, as well as books written by researchers, which summarize topical scientific research and theory with intended audiences of either professionals or the public-at-large. In addition, we obtained practical information on livestock management from Extension Service Fact Sheets and International (FAO, UNEP), US federal, and local governmental agency reports. Finally, because the value of practical, experiential knowledge is increasingly recognized within the research community, we have included information obtained from books and other publications prepared by and for ranchers and farmers as well as for popular consumption. When such literature, which was generally not peer reviewed, was included in the review we took care to ensure that the authors were knowledgeable and respected within their disciplines. In total, this review is based on 215 published sources.

The literature review was conducted with the use of conventional search engines, such as Google and Google Scholar. We also used Web of Science to search for publications using the following terms: Ungulates OR grazing OR herbivory AND grassland OR savanna. Finally, we depended heavily upon our personal libraries, which comprise more than a century of technical and popular ecological, evolutionary, biogeochemical, and agricultural literature.



Structure and functioning of wild and agricultural grazing ecosystems


Aggregation and movements

Wild grazers. Large herbivores are capable of migrating long distances to meet dietary requirements in landscapes where the availability of nutritious forage varies spatially across seasons (Fryxell et al., 1988; Fryxell and Sinclair, 1989; Sawyer and Kauffman, 2011; Merkle et al., 2016; Aikens et al., 2017; Kauffman et al., 2021). In tropical savanna habitats, animals migrate between wet and dry season ranges to optimize nutrition. For example, in the roughly 26,000 km2 Serengeti Ecosystem of East Africa, millions of wildebeest (Connechaetes spp.), zebra (Equus quagga), eland (Taurotragus oryx), and other ungulate species migrate from the tall grasslands and woodlands in the northwest, where animals feed on relatively low-quality forage during the dry season, to the fertile southeast plains that support phenologically young and nutritious forage during the wet season (McNaughton, 1983, 1985). Analyzing 16 nutrients required by grazing ungulates in grass samples collected from dry season (northwest corner), wet season (southeast plains) and transitional corridor ranges, McNaughton (1990) found that the mass movement of animals to the southeastern plains was associated with the mineral content of forages. The wet season grasses were enriched in key minerals compared to dry season grasses, with transitional range grasses displaying intermediate levels (McNaughton, 1990).

Although the environmental factors that create spatiotemporal patterns in forage supply and nutrition differ, the dietary drivers of‘ migrations in temperate grazing ecosystems are functionally the same as those in tropical grazing ecosystems. For instance, in temperate mountainous regions like the Greater Yellowstone Ecosystem of Wyoming, Montana, and Idaho, herds of elk (Cervus elaphus), bison (Bison bison), and pronghorn (Antilocarpa americana) feed on young, highly nutritious forage as it sweeps upslope, in a “green wave,” from low elevation winter range to high elevation summer range (Frank and McNaughton, 1992; Frank et al., 1998; Middleton et al., 2018). Animals graze grassland for 1–2 months of the growing season after which they move upslope (Frank and McNaughton, 1992). An analysis of many of the same elements examined in the Serengeti (McNaughton, 1990) revealed greater concentrations of nitrogen, phosphorus, and sodium in forages collected in the first month and potassium in the first two months of the growing season compared to elemental concentrations in forages collected later. Middleton et al. (2018) modeled the effect of the spring—summer migration on the body condition of Yellowstone elk and found that migrating upslope to feed on highly nutritious forage in the early spring and summer resulted in the animals having greater autumn body fat. Together these results indicate that Yellowstone ungulates migrate from low to high elevation range in the spring and early-summer for the same reason that Serengeti herbivores migrate between dry and wet season ranges—to increase the nutritional quality of their diets.

Aggregation is a common feature among free-roaming ungulates in tropical and temperate grassland ecosystems (McNaughton, 1984; Hempson et al., 2015; Ahrestani and Sankaran, 2016). Gregariousness is thought to have evolved as a behavioral solution to predation (Hamilton, 1971; Jarman, 1974; Sinclair, 1974; Fryxell, 1991). Individuals in dense aggregations have a lower probability of being attacked by predators compared to solitary animals (Estes, 1976; Kie, 1999; Fryxell et al., 2007). Members of a dense, aggregated group also benefit from reducing the time budgeted to anti-predator vigilance, which allows more time for feeding (Fryxell, 1991).

The size and trajectories of ungulate feeding groups can be fluid, waxing and waning over time (Owen-Smith et al., 2010). Animals often occur in dense herds that intensively graze vegetation at a single location for days, weeks, or sometimes months creating “grazing lawns” (McNaughton, 1984) characterized by prostrate growth forms, and a short-statured, dense layer of vegetation (McNaughton, 1984; Hempson et al., 2015). Free roaming herds of grazing white rhino (Ceratotherium simum), wildebeest (Connochaetes gnou), springbok (Antidorcas marsupialis), blesbok (Damaliscus pygargus), impala (Aepyceros melampus), Thomson's gazelle (Eudorcas thomsonii) in African tropical savanna; hog deer (Axis porcinus), chital (Axis axis), swamp deer (Rucervus duvaucelii), and sambar (Rusa unicolor) in South Asian savanna; bison (Bison bison) in temperate grassland; and reindeer (Rangifer tarandus) in alpine tundra create grazing lawns (e.g., McNaughton, 1988; Hempson et al., 2015; Geremia et al., 2019; Thapa et al., 2021). The grazing-induced shorter and denser vegetation of grazing lawns compared to nearby less intensively grazed grassland allows herbivores to remove more biomass per bite, thus increasing foraging efficiency (Frank et al., 1998; Hempson et al., 2015; Thapa et al., 2021). Moreover, forage on grazing lawns tends to be enriched in several minerals potentially limiting to large herbivores, including nitrogen, phosphorus, magnesium, and sodium (McNaughton, 1988; Anderson et al., 2010; Hempson et al., 2015; Mayengo et al., 2020). The greater concentration of leaf nitrogen and phosphorus is a function of higher leaf:stem ratios of forage (McNaughton, 1984; Frank et al., 1998; Verweij et al., 2006; Hempson et al., 2015; Thapa et al., 2021) and, often, greater soil N cycling rates (Coetsee et al., 2010; Frank et al., 2018) that occur on grazing lawns. Greater sodium concentrations in the forage of grazing lawns arises when grazers concentrate on sodic sites (McNaughton, 1988; Anderson et al., 2010; Hempson et al., 2015), or when plants adapted to grazing lawns have greater leaf sodium concentrations. The result is that the generation of grazing lawns elevates the grazing efficiency and diet quality of animals feeding on them, which can play an important role in increasing herbivore population size (Hempson et al., 2015).

Ruminant livestock. Unlike wild ungulate populations, the spatial disposition of livestock is largely determined by human managers. With notable exceptions, the stimuli that drive migratory behaviors in wild ungulates are rarely reflected in the movements of livestock at anything other than local spatial scales, i.e., reflective of localized foraging behavior. The amount of time livestock spends in a particular landscape, and the amount of time the landscape is “rested,” i.e., left un-grazed by domesticated ungulates once the stock has been moved, as well as the number of animals per unit space (stock density; stocking rate) and composition of the herd are generally management decisions. Such decisions are based on current or accepted grazing theory, cultural norms, available pasture or rangeland, and available financial and workforce resources (Flack, 2016).

There has been considerable, sometimes spirited, debate during the past half century about what constitutes the most practical approach to livestock management on pasture or rangeland (e.g., Savory, 1983; Briske et al., 2011; Teague et al., 2013; Augustine et al., 2020; Hawkins et al., 2022, and others). Key to much of the debate is whether the focus of the enterprise is on livestock production or on some combination of livestock production and environmental stewardship (Kleppel, 2021). Conventional agriculture tends to focus primarily on optimizing the rate of animal weight-gain (though there is interest in conservation; see, Smart et al., 2010). It has been argued that continuous grazing at low to moderate stocking rates, i.e., low to moderate grazing intensities or other pressure indices, results in the highest rates of weight gain, without damaging forage production (Derner and Hart, 2007; Venter et al., 2019; Augustine et al., 2020). Interestingly, Smart et al. (2010) observed that high grazing pressure increased grazing efficiency. Grazers select the most “desirable” plant species, optimizing nutrition. These behaviors parallel the selective behaviors of wild ungulates that follow the “green wave” of developing forage nutritional content, and the revisitation of preferred grazing sites, creating grazing lawns (McNaughton, 1990; Frank et al., 1998). As the length of the grazing period at a site increases, the impact of grazing may turn negative, sometimes creating bare ground and ultimately soil “capping” or cracking (Milchunas et al., 1988; Savory and Butterfield, 1999).

Furthermore, a substantial literature, dating back nearly a century, documents the damage that low density, continuous grazing may do to a landscape. Daubenmire (1940) described changes in biodiversity and community structure in southeastern Washington bunch grass prairie as a function of grazing intensity. Acocks (1966b) predicted the loss of the native South African veld by 2050, if low-density, continuous grazing of cattle were to continue, suggesting that selective feeding over long periods of time can degrade native vegetation to a point at which it is unlikely to recover. Alternatively, high stock densities, high rotation frequencies, and extended pasture rest have been proposed as being consistent with the way wild ungulates graze, move and aggregate (Goodloe, 1969; Savory, 1978, 1983; Teague et al., 2011, 2016). The question of how grazing either intermittent (i.e., rotationally) or continuously, impacts forage production thus remains unresolved.

As noted above, studies report that continuous grazing at low to moderate stocking rates encourages selective feeding on the most nutritious plants, which results in higher rates of weight gain than does intensive rotation of densely stocked animals, with minimal impact to forage quality (Derner and Hart, 2007; Venter et al., 2019; Augustine et al., 2020; Hawkins et al., 2022). High stock densities are thought to reduce selective feeding which, while obviating patch-scale overgrazing and the creation of bare ground, also provides sub-optimal nutrition, and hence lower rates of weight gain in the livestock, and potentially slower forage recovery (Hawkins et al., 2022). Proponents of RM argue that short bouts of high-density grazing create grazing lawns typical of wild grazing ecosystems, prevent excessive defoliation, and allow time for forage recovery (Gerrish, 2004). We are not aware of studies distinguishing mineral and other nutritional components in the forage as a function of CM vs. RM protocols. Venter et al. (2019) considered the responses of beef cattle in South African veld to three different grazing protocols: continuous, moderate intensity grazing; four-camp grazing, in which cattle stocked at moderate rates were moved periodically through a series of four large paddocks; and holistic planned grazing in which livestock at high densities were moved through a series of paddocks at high frequencies (<1–3 d) and paddocks, once grazed, were rested for extended periods of time. The authors reported no differences in the rate of weight gain as a function of grazing protocol though the financial cost of the holistic grazing was significantly higher than the others, due to higher labor costs. Rapiya et al. (2019) reported that livestock in four-camp grazing systems tended to have lower internal and external parasite burdens than continuously grazed cattle. Increasing the number of paddocks (camps), however, did not reduce parasite loads beyond that achieved with four camps.



Productivity in grazed plant communities

Wild grazers. Measuring production in grazed grasslands is challenging because the addition (i.e., growth) of plant tissue occurs simultaneously with its removal (i.e, grazing) (McNaughton et al., 1996). McNaughton (1985) overcame this problem by using a system of multiple short term exclosures to estimate aboveground net primary production (ANPP) in grazed grassland. Employing this method in the Serengeti, McNaughton (1985) discovered that the activities of ruminants increased plant production, challenging the then widely held view that herbivory reduced plant growth (Belsky, 1987). Over a gradient from dry to wet ranges, migratory herds of ruminants stimulated ANPP by 8–344%, (median, 104%) depending upon grazing intensity and soil moisture content (McNaughton, 1985; Frank et al., 1998).

The facilitating effect of native grazers on shoot production has been confirmed in other ecosystems. In Yellowstone National Park, for example, the amount that herds of bison, elk, and pronghorn increased grassland ANPP was contingent on the topo-edaphic-vegetation conditions of the grassland and, similar to the Serengeti Ecosystem, grazing intensity. Stimulation peaked at 34% at a grazing intensity of 40% at mesic and fertile sites (Frank et al., 2016). In Scandinavian tundra, reindeer-grazing increases ANPP under conditions that the grazing is heavy enough to transform moss-heath dominant tundra to productive graminoid-dominated tundra (Olafsson et al., 2004). Finally, in tall grasslands of the Konza Prairie grazed by bison (Collins and Uno, 1985) and Kruger National Park of South Africa grazed by a numerous species of ruminants (Koerner et al., 2014), herbivory had no effect on ANPP (but see, Buis et al., 2009) In both ecosystems, grazing stimulated the relative growth rates of grazed vegetation, but not enough for grazed vegetation to produce more shoot biomass than un-grazed vegetation (Oesterheld and McNaughton, 1998; Penner and Frank, 2021).

Ruminant livestock. The data on how grazing, and particularly management strategy (e.g., CM vs. RM), affects above ground net primary production in ruminant-grazed pastures and rangeland are mixed. ANPP in continuously grazed, semi-arid South African veld was either higher than, or not different from that in RM-grazed veld (Venter et al., 2019; Hawkins et al., 2022, also see above). Conversely, studies comparing ANPP in CM (continuously grazed) and RM in both semi-arid Texas rangelands and semi-humid New York pastures reported higher ANPP in RM-grazed sites (Teague et al., 2011; Girard Cartier and Kleppel, 2017; Kleppel, 2019).

Zeng et al. (2019) suggested that environmental conditions associated with climate change (e.g., increased aridity and temperature), rather than grazing alone, determine ANPP in high-altitude Tibetan grasslands. Girard Cartier (2017) comparing the environmental effects of CM and RM grazing in a study in upstate New York, USA, supported Zeng et al.'s observations on the importance of environmental conditions (particularly soil moisture) as drivers of ANPP. Furthermore, Derner and Hart (2007), reported on a 16-year study of the effects of pasture-duration and stocking rate on ANPP in northern, mixed grass prairie (Wyoming, USA). They observed that 54% of the variability in ANPP was explained by precipitation, which appeared to affect the outcomes of different grazing protocols differently. Thus, precipitation, and other climatic variables may play a dominant role in determining ANPP in agricultural grazing ecosystems. Unfortunately, comparisons between grazing protocols may be confounded by differences in how terms are defined in the literature (McSherry and Ritchie, 2013).

Subsurface plant (root) production is an often-overlooked component of grazing studies. Much of the carbon in grasslands grazed by large herbivores is stored below ground in root systems and as stable soil organic matter (Bardgett and Wardle, 2003; Sacks et al., 2014; Kristensen et al., 2022). As much as two-thirds of the total biomass of grasses may be below ground (Sacks et al., 2014). López-Marisco et al. (2015) reported that moderate intensity continuous cattle grazing stimulated net below-ground production and increased carbon turnover rates, relative to those in ungrazed, temperate Uruguayan grasslands. However, the influence of grazing management on belowground grassland production across environmental gradients remains poorly understood.



Biodiversity and community composition in grazing ecosystems

Wild grazers. The number of plant species in a grassland community (species richness, S) is the net effect of the rates of species colonization and extinction at the site (MacArthur and Wilson, 1967; Olff and Ritchie, 1998; Iravani et al., 2011). Herbivores can impact those processes by: (i) facilitating propagule dispersion on fur, hooves, and in dung (Collins and Uno, 1985), (ii) creating open sites that can be colonized, and (iii) reducing competitive exclusion by grazing dominant species and releasing sub-dominants. Milchunas et al. (1988) postulated that herbivory should increase both species richness, S, and diversity, Shannon H', in sub-humid, highly productive grasslands, and slightly reduce or have minimal effects on semi-arid, low-productive grasslands. They proposed that those patterns would be generated by grazing releasing species from strongly light-limiting conditions in tall, dense canopies of productive grasslands compared to less light-limiting conditions of more sparsely vegetated low productive grasslands. In addition, plant traits conferring tolerance to water stress in dry, low productive grasslands may also be traits that confer grazing tolerance (Coughenour, 1985; Milchunas et al., 1988).

The notion that wild ungulates promote biodiversity is supported by results from exclosure experiments comparing species diversity in grazed vs. fenced, un-grazed grassland (Table 2). To be included in Table 2, a grassland ecosystem had to support only wild, free roaming ungulates (no livestock). The number of ecosystems that met this criterion was limited (n = 7). In addition, the duration of exclusion, the diversity parameters measured, and the plot size within which species were counted varied across ecosystems. The pattern that emerged is that grazers increased grassland plant biodiversity, with the exception of the mesic savanna of Kruger National Park, South Africa (Koerner et al., 2014) (Table 1). Results of studies examining the effects of grazers on Shannon diversity (H') in two of the ecosystems (Serengeti and Royal Bardia National Parks) corroborated findings for their effect on S—grazing also increased H' (Table 2). In three ecosystems, temperate semi-arid grasslands of Yellowstone National Park, the sub-humid tallgrass prairie of Kansas (Konza Prairie Biological Station), and tropical savanna of Serengeti National Park, grazer-induced increases in S were associated with herbivores increasing the spatial heterogeneity of soil resources or species composition (McNaughton, 1983; Augustine and Frank, 2001; Bakker et al., 2003; Collins and Smith, 2003).


TABLE 2 The characteristics of grassland ecosystems that support abundant herds of migratory wild ungulates where exclosure studies measured the effects of herbivory on species diversity and the resiliency (i.e., reversibility) of grassland species composition to grazing.
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There is also support for the notion that wild ungulates increase species diversity more in highly productive, compared to less productive grasslands (Table 2); although the only low productive grasslands included in Table 2 were geographically constrained to the Rocky Mountains of North America (Stohlgren et al., 1999). Among the three Rocky Mountain grasslands, the mean percentage change in S by different combinations of wild ungulates was +12.6 (range: −5.0–+25.6%). Among relatively productive grasslands of the Serengeti and Kruger National Parks in Africa, the tallgrass of the Royal Bardia National Park in Asia, and the tallgrass prairie of Kansas in North America, the mean percent change in S due to grazing was +40.9% [range: 0 (no effect) to +133%]. Moreover, among 10 grasslands in Yellowstone National Park that ranged widely in aboveground net primary production (15–375 g m−2), the effect of grazing on S was positively associated with production (Frank, 2005).

The effect of herbivory on grassland species composition has been an important topic of grazing research Augustine and McNaughton, 1998; Cingolani et al., 2005; Díaz et al., 2007). Acknowledging the limitations of our small sample size (Table 2), it would appear that short-term grazing by migratory herds of ungulates can drive vegetation to alternative stable states that are reversible when the grazers are removed (Table 2) (Augustine and McNaughton, 1998). Plant species composition is also reversible in grazing lawns where intense herbivory can lead to nearly a complete turnover of species (McNaughton, 1983; Karki et al., 2000; Cingolani et al., 2005).

Ruminant livestock. Grazing by livestock may positively or negatively alter biodiversity in plant communities, and produce both reversible and irreversible state transitions, with compositional shifts as large as 95%, depending upon community successional status (Westoby et al., 1989; Laylock, 1991; Milchunas and Lauenroth, 1993). The relationships between livestock and plants in grazing ecosystems may require prolonged periods of time to develop (Loeser et al., 2001). In California coastal prairies, species richness and cover by native grasses and forbs in areas grazed by cattle over multiple years far exceeded those in un-grazed areas (Hayes and Holl, 2003). The authors observed a reduction in plant stature in grazed portions of the ecosystem with increases in species richness among annual forbs and decreases among perennial forbs. Similarly, Hart (2001) reported greater plant species richness in cattle-grazed Colorado grasslands than in grasslands from which cattle were excluded. Herrero-Jáuregui and Oestwald (2018) reported an average 25% decrease in S at both high and low stocking rates relative to that observed at moderate stocking rates, independent of environmental conditions. Whether the trend in biodiversity is positive or negative appears to depend largely on how the livestock and land are managed and, to a lesser extent, on interannual environmental variability. For instance, Teague et al. (2011) reported greater proportions of high seral grasses in regeneratively managed northeastern Texas pastures than in continuously (both low and high stocking rates) grazed pastures, where low grasses and forbs dominated.

An explanation for these observations may be found in disturbance theory. Grazing is among the predominant disturbances associated with grasslands. Grazing intensity appears to be key to determining whether the effect of grazing on biodiversity will be positive or negative (McNaughton et al., 1989; Milchunas and Lauenroth, 1993). Marty (2005) concluded that “moderate” grazing by livestock was critical to the maintenance of native plant biodiversity of California's vernal pool ecosystems. Similarly, in a global meta-analysis, Wang and Tang (2019) reported that species richness tended to increase under conditions of light-moderate grazing intensity, but to decrease under intense grazing intensity. Similarly, Allison and Bender (2017) reported that both overgrazing and under-grazing can be deleterious to biodiversity in semiarid rangelands. These observations are consistent with the general predictions of the intermediate disturbance hypothesis (Connell, 1978).

In an application of the theory, livestock has been used to manage invasive plants and restore functionality to biologically invaded landscapes. For example, increases in plant species richness of 10–90% have been documented when sheep were used around wetlands to control purple loosestrife (Lithrum salicaria) and Phragmites australis, and in upland ecosystems to control mile-a-minute (Persicaria perfoliata), and multiflora rose (Rosa multiflora) (Kleppel and LaBarge, 2011; Kleppel et al., 2011; Girard Cartier and Kleppel, 2015).

In summary, biodiversity responds in somewhat predictable ways to grazing, increasing or decreasing as a function of grazing intensity. As such, grazing has potential, not only for food production but for vegetation (e.g., invasive plant) management.



Soil dynamics—Nitrogen (N) cycling, carbon (C) storage, and microbial interactions

Photosynthetically acquired C and microbe-mineralized nutrients, including N, are exchanged between grassland plants and their rhizospheric soil microbial communities (Reynolds et al., 2003; van der Heijden et al., 2008). These plant-microbe interactions are key to maintaining energy and nutrient dynamics in grasslands and are significantly impacted by ungulates via grazing and their addition of dung and urine to the soil.

N dynamics in wild grazing ecosystems. The rate at which nitrogen is mineralized and becomes available for plant uptake limits or co-limits, grassland primary production (Fay et al., 2015). Consequently, considerable attention has been paid to the effects of large herbivores on soil N availability, and on ascertaining how grazing connects N-cycling to grassland production. The potential facilitating effects of dung and urine deposition on soil N-cycling has long been recognized (McNaughton et al., 1988). In addition, a prevailing conceptual framework predicts how herbivore regulation of N availability should differ in nutrient-poor vs. nutrient-rich habitats (Ritchie et al., 1998; Wardle et al., 2004; Bardgett and Wardle, 2010). In resource-poor habitat, animals feed selectively on the most nutritious plants encountered, creating a negative feedback loop that leaves N-poor species with high C:N ratios to increase in abundance and generate a low-quality litter pool that reduces decomposition rates and the availability of soil N. In contrast, in resource-rich habitats, grazing promotes the growth of acquisitive species with low C:N ratios that enhances soil N availability. In studies examining the effects of defoliation on rhizospheric processes, grazing has been shown to promote the rate that roots exude labile organic material, which stimulates microbial activity and N mineralization in the rhizosphere of grazed plants (Hamilton and Frank, 2001; Hamilton et al., 2008). Rates of root exudation are greater for acquisitive plants with high C assimilation and growth rates compared to plants with conservative growth strategies (Henneron et al., 2020). Consequently, by increasing the rate of root exudation and presumably soil N mineralization and plant N uptake by fast-growing plants, grazers may facilitate N availability in resource-rich environments by increasing the quality and decomposability of leaf litter.

Some results contradict this hypothesis, however (Stark and Grellmann, 2002; Bakker et al., 2009; Schrama et al., 2013; Millett and Edmondson, 2015), which may be a function of several other pathways that influence how herbivores affect soil N processes (Sitters and Olde Venteerink, 2015). For example, grazing, and the reduction of photosynthetic surface area, may reduce available C flowing to the soil, and thus lower the activity and mineralization rates of soil decomposers (Sankaran and Augustine, 2004). Trampling may increase soil compaction, which may lower soil oxygen at wet sites and soil water content at dry sites, both of which would reduce N mineralization rates (Schrama et al., 2013). Finally, herbivores transport nutrients between areas where they graze and areas where they deposit dung and urine. Thus, seasonal migrations of large herds result in net transport of nutrients from tropical wet season or temperate summer ranges, where animals gain biomass and store nutrients, to tropical dry season or temperate winter range, where herbivores lose biomass and add nutrients in urine and dung to the soil (Bakker et al., 2004; Frank, 2006). The loss and concentration of nutrients in different seasonal ranges can result in spatial variation in herbivore-induced impacts on nutrient cycling across ecosystems (De Mazancourt et al., 1998).

The results of studies of soil N cycling by large, wild herbivores are mixed. Nitrogen availability was increased by diverse herds of ruminants in tropical South African savanna (Coetsee et al., 2010) and the Serengeti Ecosystem (McNaughton et al., 1997), by elk, bison and pronghorn in the temperate grassland and shrub-grassland of Yellowstone National Park (Frank and Groffman, 1998; Frank et al., 2018), by bison in temperate tallgrass of Kansas (Veen et al., 2008), and by reindeer in Scandinavian arctic tundra (Sitters et al., 2017). However, soil N mineralization was unaffected by elk in grass-shrub habitat of Rocky Mountain National Park, Colorado, and inhibited by red deer (Cervus elaphus) and chamois (Rupicarpa rupicarpa) in subalpine meadows of the Swiss National Park (Risch et al., 2015). The mechanisms driving the effects of herbivores in the different ecosystems are unclear, except in the case of the arctic tundra where reindeer stimulated N mineralization by shifting the dominant vegetation from poor quality heath to relatively nutrient-rich graminoids. Such a directional shift toward greater forage quality in the nutrient-poor arctic heath seems contrary to the prediction that herbivores should reduce litter quality and rates of N cycling in nutrient-poor habitat, as observed in temperate systems (Wardle et al., 2004; Bardgett and Wardle, 2010).

N dynamics in agricultural grazing ecosystems. N dynamics in agricultural grazing ecosystems emerge from natural interactions involving plants, grazers, and soil microbes, as wells as the overlay of anthropogenic intervention, such as synthetic fertilizer and pesticide application to pastures, and tillage. Furthermore, the impacts of nutrients associated with animal agriculture may be proximate, i.e., on-farm, or remote, such as through the intensive use of inputs for feed production. While our principal interest here is on the former, the fact that livestock on pasture and rangeland may receive feed supplements and that during confinement stages of the life cycle in industrial systems, livestock diets consist almost completely of high-energy feeds, we must acknowledge the anthropogenic influence on nutrient dynamics in animal agriculture.

Synthetic-N inputs in fertilized pastures may alter plant-grazer-microbe interactions that are critical to the natural cycling of N in grassland ecosystems (Montgomery, 2017). To this point, Wei et al. (2013) suggest that pH changes associated with N addition impair the capacity of microbes to use plant-root organic exudates. Conversely, Bardgett et al. (1999) examined the response of four endemic plant species along a gradient in N amendments to soils from sheep-grazed grasslands in the hilly landscapes of the western United Kingdom. They observed that microbial biomass was correlated with plant growth and not with soil N amendment. However, N additions did result in an increase in fungal: bacterial biomass ratios. The amount of N added, was associated with different plant growth rates and community compositions, which appeared to determine whether plant-microbial interactions were positive, i.e., associated with higher plant growth and, hence, microbial biomass (intermediate N addition), had no effect, or were negative, i.e., resulted in lower plant growth, hence, microbial biomass (high N addition).

Defoliation by grazing influences C-allocation and root exudation which may enhance soil microbial biomass and activity (Bardgett et al., 1998), potentially leading to enhanced N mineralization and plant recovery rates. The capacity of pasture and rangeland soils to retain nutrients may be determined in part by the biomass and composition of the microbial community. This in turn, appears to be influenced by the grazing protocol applied to the landscape. For example, Park et al. (2017) reported a reduction in nutrient leaching and runoff on Texas ranches that employed adaptive multi-paddock (AMP, an RM protocol) grazing practices relative to ranches that employed continuous grazing practices.

The indirect effects of animal agriculture should not be ignored, and we consider some of these here. Critical excesses of N exist in most terrestrial and aquatic ecosystems in the developed world (Howarth and Marino, 2006; Groffman et al., 2009; Davidson et al., 2013), and agriculture contributes significantly to these imbalances (Bardgett and Leemans, 1995; US EPA, 2019). Anderson et al. (2014) performed an N mass balance at the Cornell University Animal Science Teaching and Research Center in central New York State. They observed that N inputs greatly exceeded outputs at the study site and were dominated by N used in feed production (63%). Turner et al. (2008) point out that runoff from the application of N fertilizer in the Mississippi River watershed, principally for grade 2 corn (for animal feed) production, has created an 18,000 km2 hypoxic zone (dissolved oxygen levels <2 ppm), in the Gulf of Mexico. Substantial atmospheric and aquatic ammonium and nitrous oxide loading result from manure management practices associated with livestock confinement (Webb et al., 2005; Parker et al., 2018). Failed manure management in confined swine operations has caused of algal blooms, riverine hypoxia, and massive fish kills in North Carolina estuaries (USA) (Paerl et al., 1998; Hounshell et al., 2022).

While animal agriculture bears considerable responsibility for the damaging effects of N and other nutrients in the biosphere, it also offers solutions to these impacts. Ultimately, an impact is a function of a management practice, and practices can be modified to mitigate impacts. For instance, so called “grass-fed” ruminant production obviates the use of feed grains. Continuous grazing in a single pasture can lead to concentration of dung around water sources and shade, and in locations where preferred forages occur. While the nutrients in dung on pasture appear to be re-cycled faster than when plants simply decay in the field, nutrient distributions on the pasture will be patchy (Liu et al., 2015). Short duration, RM grazing, however, results in more even dung distributions (Gerrish, 2004; Kleppel, 2014). Transition to RM reduces eutrophication risks (Park et al., 2017). Management practices that focus on strengthening the connections between plants, microbes and grazers are likely to support nutrient dynamics that sustain functionality in agricultural ecosystems, rather than stress them.

C dynamics in wild grazing ecosystems. The soil stores more than 200 trillion tons of C, making it one of the largest C-reservoirs in the biosphere (Kristensen et al., 2022). More than half of that C is stored in the vegetation and soils of grasslands and croplands, with some 79% of the organic carbon in grassland ecosystems being stored in the soil (Sacks et al., 2014). Given the dangers posed by climate change and the importance in limiting the amount of the global soil C pool transferred to the atmosphere, the role of grazing ecosystems in C cycling and storage are of great interest. Wild and agricultural grazing ecosystems have the potential to contribute to GHG draw-down via photosynthetic C-sequestration and microbially mediated C-stabilization in the soil (Derner and Schuman, 2007; Teague et al., 2016). The dominant, decomposition-resistant form of organic matter in sub-soils deeper than 30 cm occurs as stable micro-aggregates, i.e., mineral-adsorbed organic matter (MAOM)(Kristensen et al., 2022), as much as half of which is produced from microbial necromass (Liang et al., 2019; Wang et al., 2021). Soil organic carbon (SOC) storage results from the long-term difference between C inputs, via above- and belowground (i.e., root turnover) litter production, and soil C losses, primarily via soil decomposer respiration. With nearly all the earth's uncultivated grassland and savanna grazed by ruminants, herbivores alter plant aboveground and belowground litter production and directly contribute dung and urine inputs to the soil and therefore can have important effects on grassland source and sink dynamics (McSherry and Ritchie, 2013; Zhou et al., 2018; Kristensen et al., 2022).

Grazers impact decomposition rates by changing soil temperature and moisture conditions, decomposability of inputs and converted products, and, potentially, the rate at which organic material adsorbs to mineral surfaces as MAOM and as such, is protected from further decomposition (Kristensen et al., 2022). Grazing by large herbivores stimulates root exudation, increasing microbial biomass, which in turn may stimulate aboveground N-pools (Hamilton et al., 2008). The effects of herbivores on plant and soil processes may depend on grazing intensity, herbivore influence on fire intensity and frequency, and on such conditions as soil texture, temperature, and precipitation (Ritchie, 2014; Schmitz et al., 2014; Kristensen et al., 2022).

Empirical studies determining how wild herbivores influence SOC storage require comparison of soil C concentrations in paired grazed and fenced grassland that have remained un-grazed sufficiently long after fencing to avoid transient soil C dynamics. Very few studies of ecosystems grazed by wild ungulates meet these requirements (McSherry and Ritchie, 2013). The only data set we are aware of is from Yellowstone National Park where soil and plant properties were measured inside and outside 33- and 37-year-old exclosures established on grasslands ranging widely in topographic position, plant biomass, and soil C and moisture (Frank and Groffman, 1998). Deriving soil C concentration from soil percent C and bulk density measurements of Frank and Groffman (1998) reveals that YNP ungulates have no effect on soil C concentration across sites (un-grazed: 52.8 mg C/cm3; grazed: 51.1 mg C/cm3; P = 0.459), and their influence on soil C was unrelated to soil texture (percent clay, P = 0.61) or plant biomass (P = 0.20).

C dynamics in agricultural grazing ecosystems. Sun et al. (2017) suggested that root exudation, and soil C and N dynamics are affected by livestock grazing intensity. They reported that exudation, foliar C, and N-mineralization decreased under heavy grazing, while moderate grazing promoted root exudation, and increased foliar C levels, N-mineralization rates, and soil N concentrations. During a 21-day period of recovery from grazing, root exudation increased in heavily grazed forage, while foliar C and N-cycling returned to pre-grazing levels.

Brown (2018) described his personal experiences in regenerative ranching, coupling conservation crop production [zero-tillage, cover cropping and crop-animal rotation per Lal (2015; 2021)] with RM protocols for producing beef cattle and sheep. Soil organic matter analyses on the Brown Ranch documented an increase from 1.7 to 11.1% over 20 years.

Several meta-analyses have explored the effects of grazing on SOC. McSherry and Ritchie (2013) used a multi-factorial approach on data from 17 studies of agricultural grazing to evaluate the relationship between grazing and carbon sequestration as a function of environmental variability. Six variables—soil texture, precipitation, grass type, grazing intensity, study duration, and sampling depth—explained 85% of the variability in the effect that grazing had on soil C. Interactions among variables were crucial to understanding the effect of grazing on SOC. For instance, increasing precipitation decreased C in fine soils, but increased C in sandy soils. Increasing grazing intensity resulted in increased SOC in C4-dominated grasslands and mixed C3-C4 grasslands, but decreased SOC in C3-dominated grasslands. Phukubye et al. (2022), analyzed 235 grazing systems in 18 countries worldwide. They reported a 21% increase in C storage in soils with the implementation of RM protocols (all soils responded favorably), an average 15% increase in 60% of the soils from which grazers were excluded, and a 14% increase in C storage in soils of grasslands grazed continuously at low stock densities. It would appear that RM is a potent tool for C sequestration, even more so than continuous grazing or complete removal of grazers from the landscape.

To investigate the connections between grazing, microbial biomass (MB), and C storage (SOM), we used data from studies of CM (light and heavy continuous grazing) and RM (adaptive multi-paddock grazing) pastures on three ranches, and a grassland in a state park where livestock were excluded in north-central Texas (Teague et al., 2011) and from two CM (light continuous grazing) and two RM pastures (adaptive multi-paddock grazing) in New York's Helderberg Mountain region (Kleppel, 2019). Because SOM levels from New York were not published, SOM was estimated from the mean MB: SOM ratio for the Texas data, assuming a linear relationship between MB and SOM as had been demonstrated empirically by Batisda et al. (2021; their Figure 4; p.2087). Given the differences in soil types and precipitation, it is not surprising that the moist clayey New York soils were higher in organic matter than the dryer, sandy loams of north-central Texas (Magdoff and Van Es, 2021). Within regions (Texas, New York), microbial biomass and SOM were higher in grasslands grazed by RM compared to continuous grazing protocols. In Texas, the RM ranch and un-grazed parkland exhibited similar percentages of soil organic matter, but in the parkland, the MB: SOM ratio was higher than in the RM site. While it is difficult to extrapolate these observations to other managed grazing systems, they provide a rationale for further, more extensive investigation.

Several studies suggest that animal agriculture can play a significant role in the mitigation and sequestration of greenhouse gases. The modeling study of White and Hall (2017) predicts that termination of livestock agriculture and conversion to a completely plant-based food system would result in increased GHG loading to the atmosphere. Clark et al. (2020) and others point out that the current food system makes it nearly impossible constrain global temperature rise below target thresholds (1.5–2.0°C). Herrero et al. (2013) used a globally extensive data base on animal agricultural systems to identify feed (grain) production as a leading source of GHG emissions, the importance of grasslands for C-sequestration, and mixed crop-livestock agriculture (also see, Lal, 2021) as critical to the sustainable production of food in developed and developing countries. Kleppel (2021) suggested that the abandonment of energy intensive feed-grain production, along with implementation of improved manure management practices could reduce GHG emissions associated with beef production in the US by about 35%.

The results of an investigation of conventional and regenerative crop and animal agriculture led Teague et al. (2016) to conclude that the combination of conservation cropping (low till, high ground cover, extensive crop rotation; Lal, 2015) and adaptive multi-paddock livestock management could turn agriculture in North America C negative, removing 1.2 Gt y−1 more carbon than all agricultural activities on the continent produce. Life cycle assessments by Stanley et al. (2018), Rowntree et al. (2019), and others have supported these observations for the beef and dairy sectors, the principal methane sources in mammalian agriculture (US EPA (US Environmental Protection Agency), 2021).

In summary grazing by large herbivores contributes to the stabilization and storage of C in agricultural ecosystems. Certain management protocols appear to facilitate desirable outcomes with respect to C storage, but much remains to be learned in this area. What seems clear, however, is that livestock, when managed with an eye toward environmental stewardship, can become a vehicle for sustainable food production.

Ruminant-plant-soil microbial interactions. Soil microbes are the bridge between the plant community and grazers and, as such, are critical to the functioning of grazing ecosystems. The plant-grazer-microbe system involves multiple and multi-directional feedbacks, with each component affecting the others. Microbes are critical to C storage, nutrient cycling, soil structural stabilization and, indirectly, water storage in soil interstices (Bardgett et al., 1996; Bardgett and and McAllister, 1999; van der Heijden et al., 2008; Malik et al., 2016). Chemical communication (i.e., signaling) between microbes and plants, affects plant health and community diversity (Baker et al., 1997; Seneviratne et al., 2017). Bacterial and fungal processing of nitrogenous organic matter and phosphorus species forms the basis of plant nutrition in grassland and savannah ecosystems (van der Heidjen et al., 1998; van der Heijden et al., 2008). Organic exudates produced by plants and released at the root surface, provide nutritional resources that increase the capacity of the rhizosphere to support diversity within the microbial community (Wright and Upadhyaya, 1996). Bacteria and arbuscular mycorrhizae foster health within the vascular plant community by discouraging the growth of plant-pathogens and herbivory by insects, while making enzymes available that improve nutrient resource partitioning (Reynolds et al., 2003; van der Heijden et al., 2008; Harun-Or-Rashid and Chung, 2017; Wang et al., 2020).

Ruminants contribute to this feedback system in several ways. Processing and fermentation in the rumen and digestive tract decomposes plant material, resulting in dung mineralization rates ca. 20% greater than that of decomposing senescent plant material (Liu et al., 2015). Both soil characteristics and plant community composition may affect microbial biomass in grazed landscapes (Bardgett et al., 1997), and soil microbial community structure appears to vary in response to differences in land use and management (van der Heijden and Wagg, 2013). Kleppel (2019) described the soil microbial communities of 21 pastures (grazed by various ruminant species and breeds) and hayfields in upstate New York. The pastures were managed either by RM or CM protocols. Hayfields were cut once per season. Soil microbial biomass, Shannon H', and grazer impact on soil structural quality, as indicated by the fungal: bacterial ratio (Bailey et al., 2002; Malik et al., 2016) were higher in soils managed by RM than CM protocols. Microbial diversity in hayfields was highly variable and could not be distinguished from either grazing protocol. Soil microbial biomass and H' of CM pastures and hayfields were not different from one another, and always lower than the same attributes for the microbial communities of RM soils.

Bardgett et al. (2001) measured microbial community structure in soils along historical and grazing-intensity (by sheep) gradients in England. They reported that bacteria (B) dominated the microbial community in soils of intensively grazed landscapes, while fungi (F) were dominant in soil samples from low to moderately grazed landscapes and wild, un-grazed landscapes. Because higher F:B ratios are thought to be indicative of greater C storage in the soil (Bailey et al., 2002; Malik et al., 2016), Bardgett et al.'s results suggest that moderate grazing intensity is associated with greater C storage compared to intensive grazing.

Teague et al. (2011), working in tallgrass prairie ecosystems in north-central Texas, compared soil microbial communities from ranches managed by multi-paddock, light continuous with heavy continuous grazing. Also included in the study were soils from sites un-grazed by livestock. Microbial biomass and fungal:bacterial ratios were higher in soils from multi-paddock, and un-grazed sites, than from and soils where grazing was continuous. Girard Cartier and Kleppel (2017) compared the rates of development of soil microbial communities in experimental CM and RM enclosures on landscapes that were previously un-grazed, in moist bottomlands, and drier uplands in east-central New York State. Microbial biomass was higher in upland soils from RM sites compared to CM sites. In moist bottomlands, however, differences in microbial biomass were not significant among grazing treatments. These studies provide support for the idea that microbial community structure and function are driven by both environmental factors (e.g., soil moisture) and land management (grazing protocol) practices. While further study is clearly warranted, the preponderance of evidence supports the hypothesis that RM protocols, which seek to mimic the aggregation and movement patterns of wild ungulates, are associated with more robust soil microbial communities compared to CM protocols.




Discussion and conclusions

What emerges from this review is, first, an appreciation for the complexity of both wild and agricultural grazing ecosystems. Clearly, large herbivores are significant both as positive and negative engineers in grassland ecosystems. It is also apparent that the long co-evolution of ungulates and grasslands, has led to a suite of sustainable relationships that fosters fertility in the soil, productivity, and diversity in associated plant communities, and efficiency in the cycling of nutrients through soil, plants, and animals.

In many cases, animal agriculture evolved ignorant of and disinterested in the lessons provided by wild grazing ecosystems. Domestication and animal breeding concentrated on production of food and fiber, not environmental stewardship. Millennia passed before ecologists began thinking about farms and ranches as ecosystems. As such, agricultural research focused more on optimizing short term food and fiber production than on long term environmental stewardship. As the human population continues to increase, so will the demand for meat (Lal, 2021). Animal agriculture and associated agri-businesses have become significant contributors to environmental degradation (UNEP, 2009; Kleppel, 2021). For example, by 2005, nearly 276,000 km2 (17%) of the Amazon rainforest had been converted to agricultural use for cattle grazing and soya (for animal feed) production (UNEP, 2009). The demand for meat and the will to reduce the impacts of its production seem at odds.

Based on this review, however, we suggest that agricultural grazing ecosystems have the potential to both provide abundant food and sustain, and even improve upon natural ecosystem functions. For instance, while Frank and Groffman (1998) observed that wild ungulates in the Yellowstone Ecosystem had no discernible impact on carbon storage in the soil, studies of agricultural grazing ecosystems suggest that RM protocols may be capable of better than natural rates of C sequestration, even helping to make agriculture carbon negative (Teague et al., 2016; Kristensen et al., 2022; Phukubye et al., 2022; Figure 1).
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FIGURE 1
 Least squares regression model of microbial biomass (MB) on soil organic matter (SOM, %) in soils from pastures in upstate New York (red; Kleppel, 2019) and ranches or un-grazed grassland in Texas (blue; Teague et al., 2011). Open symbols indicate that SOM was estimated from the assumed linear relationship between MB and SOM (Batisda et al., 2021). Circles indicate that an RM grazing protocol was used. Triangles indicate continuous grazing, and a square indicates heavy continuous grazing (both are CM protocols). The diamond represents un-grazed parkland.


Among the opportunities in agricultural grazing ecology that has much to offer but is underutilized, is to include livestock managers—farmers and ranchers—in the research environment (as have Augustine et al., 2020). Too few studies, in our opinion, take advantage of the experience and insights of farmers and ranchers, some of whom have achieved extraordinary results in C storage, biodiversity restoration, and production (Brown, 2018). Individual researchers, professional societies (e.g., Society for Conservation Biology) and government agencies (e.g., USDA) (Msoffe, 2013; Augustine et al., 2020; Bishopp, 2020; Skroblin et al., 2020) have called for greater inclusion of local and indigenous knowledge in grazing and agro-ecological research.

All components (e.g., production, nutrient cycling, carbon storage; precipitation; soil structure) of wild and agricultural grazing ecosystems are interdependent and much of the complexity in grazing ecosystems arises from the feedback interactions between grazers and the variable environments they inhabit. Many studies have recognized the multi-dimensionality of grazing ecosystems, and some have sought to identify the major forcing factors to which these systems respond (Milchunas et al., 1988; Milchunas and Lauenroth, 1993; McSherry and Ritchie, 2013; Conant et al., 2017; Kleppel, 2019 and others). While moisture (arid-to-humid; precipitation) and grazing intensity stand out as among the most commonly recognized forcing factors, many others have been identified, and multivariate tools are becoming key to progress toward understanding the structure and functioning of grazing ecosystems (McSherry and Ritchie, 2013; Conant et al., 2017). Similarly, key interactions among primary production, C storage, N cycling and microbial dynamics are not well-studied, and the roles of grazing in wild systems and different grazing protocols in agricultural systems, as well as a myriad of environmental factors that structure these dynamic interactions remains a fertile area for further investigation.

One of the most widely used measure of grazer activity and impact identified in this review, is grazing intensity. However, the definition of grazing intensity, in both wild and agricultural grazing ecosystems is elusive, leading McSherry and Ritchie (2013) to state:

“Due to a large discrepancy in both the grazing animals used (i.e., cattle, goats, sheep) and the units measured (dry sheep equivalent ha−1, ha steer−1, AUM ha−1, etc.) grazing intensity was based on the authors' qualitative classification as light, moderate or heavy.”

The authors speak to a problem that is not a unique to their work. Given its influence on numerous ecosystem functions, we suggest that a new method for describing grazing intensity should be standardized. There have been efforts to accomplish this, especially by the Society of Rangeland Scientists, and we do not undervalue that work (Scarnecchia, 1985). But the use of animal unit months per hectare, a standard originally developed to easily assess stocking parameters on US federal grazing lands (Jardine and Anderson, 1919), may not fully capture the seasonally variable interactions between grazer nutritional demand and forage production.

An objective of this review was to compare differently managed agricultural grazing ecosystems (i.e., CM and RM) with wild grazing ecosystems, to provide insights into how to manage livestock in ways that reflect the functioning of wild ecosystems, the assumed sustainability standard. Although we reviewed more than 200 studies, many being meta-analyses based on dozens to hundreds of studies, less than a third provided the management details required to address the objective. In several cases, the details of management were known to us, even though they were not specified in the paper. In our comparison of the structure and functioning of wild, CM and RM grazing ecosystems (Table 3) it became clear that significant knowledge gaps exist in several areas, limiting the ability to clearly distinguish the outcomes of different management approaches. In part, this seems due to ecosystem-level sensitivity to simultaneous variability in multiple interacting factors (McSherry and Ritchie, 2013; Conant et al., 2017; Kleppel, 2019).


TABLE 3 Summary of key findings based on studies for which data allowed comparison of wild, conventionally managed (CM) and regeneratively managed (RM) grazing ecosystems.
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Where comparisons are possible, RM seems to provide greater environmental stewardship values compared to CM. For instance, we would expect on- and off-farm N inputs (e.g., for grain production) to be generally lower in RM operations (where animals consume only forages) than in conventional livestock operations where animals may be grain-supplemented. Our review also leads us to suggest (with admittedly limited data) that microbial biomass and, hence C storage, will be higher in RM than CM operations under similar environmental conditions (Figure 1; Phukubye et al., 2022). Although we assumed that wild grazing ecosystems would be the standard against which livestock management is judged, at times, it appears that certain livestock management practices may be more environmentally benign than the wild condition. For instance, at times, wild ungulates will intensely graze a portion of a grassland, creating bare spots. If plants do not recruit rapidly into those areas, losses of CO2 and water may result (Savory, 2013; Lal, 2015). RM seeks to minimize bare ground on pasture specifically to reduce these losses. While the limited data available suggest no difference between grazed and un-grazed wild and agricultural grasslands in the semi-arid American west with respect to C storage, studies of RM ranch lands and pastures in semi-arid and semi-humid regions suggest that they store as much or more C than un-grazed grasslands. It was unclear from our analysis whether CM or RM ecosystems support greater ANPP. Observations from wild and agricultural grazing ecosystems suggest considerable variability in ANPP in response to grazing. Ultimately, environmental forcing may be as, or more, important than grazing in determining ANPP in grasslands (Zeng et al., 2019).

It is apparent from the breadth of research cited here that substantial progress has been made toward understanding how grazing ecosystems function at a time when that understanding is critical to our species and to many ecosystems on the planet. We have also highlighted some challenges in grazing ecology, which, if met, could lead to a more sustainable relationship between ecosystem functionality and the practicalities of providing food to a human population approaching the limits of its growth.
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Diversity  Diversity
$:16.6 $:15.7
$:10.2 S:8.7
Sns $:9.0
S:64.2 $:46.9

SNot provided ~ *Not provided

$:20.9,H: 160 $:897, H: 0.97

$:8.0,H: L6 $:65,H: 11

$:23.4 S:18.1

Grazer Effect Are effects on References
(%)

S:417.2

S:425.6

S:436.9

5:0

S:+133.3, H: 64.9

$:23.0, H': 45.5%

§:29.3%

composition
reversible?

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

dices measured in grazed and un-grazed grassland, the percentage change due to grazing, and the reversibility of grazing effects on composition are provided.
*+Range based on ANPP estimates of similar sites in Yellowstone NP (Frank, 2007).
ughton (1983) ANPP range based on wide range of annual precipitation (~400-900 mm).

nd used to derive the mean response across high productive ecosystems.

Stohlgren etal., 1999

Stohlgren etal., 1999

Stohlgren et al., 1999

Collins etal., 1988

Koerner etal, 2014

Karki et al,, 2000; Buis
etal, 2009

MecNaughton, 1983

Anderson et al., 2007
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'Wild grazing ecosystems

Long-distance, seasonal migrations by large, densely

aggregated herds. May create grazing lawns.

ANPP increased over un-grazed landscape by 0-344%,

depending on topo-edaphic-vegetative conditions.

Generally, ungulates promote species richness (5);

altered compositional states are reversible.

Mixed results: Wild ungulates often increase soil N
availability, but not in all ecosystems. Wild herbivores
can increase N cycling by adding urine and dung,
promoting root exudation, microbial production and
soil N-availability. Variability in the data suggests the
need for additional rescarch.

Evidence suggests large herbivores contribute to deep
(>30cm) sub-soil MAOM production.

Limited empirical data suggest no difference between

SOC in grazed and un-grazed grasslands.

CM RM

Continuous or minimal stock rotations, Low to Short duration grazing at high stock density; long

moderate stocking rates. May create grazing lawns; pasture rest; Rarely grain supplemented.
may receive forage or grain supplements.

Mixed results: In semi-arid systems ANPP in CM grasslands may be greater or the same as RM grasslands.

Limited data on semi-humid systems suggests higher ANPP in RM grasslands. Environmental factors and
possibly grazing intensity (poorly defined) strongly influence the way management affects ANPP.
Management-specific data on belowground production is lacking.

S may or may not increase. Community Limited research suggests § increases with RM.

composition does increase. Continuous grazing in Sheep in the northeastern US removed invasives,

Texas produces bare ground, lower proportion of increasing S by 10-90%.
high seral grasses, and more low grasses and forbs

relative to RM.

Existing data suggest that N-cycling associated with livestock grazing is like that in wild gras

g ecosystems.
However, there is limited information on how management approach affects nutrient cycling in agricultural
grazing systems, other than that N-holding capacity appears to depend on microbial biomass and composition,
which varies with soil moisture, bulk density and other environmental variables

Excessive N input is associated with feed (grain) production, fertilizer application and manure management,
especially in CAFOs. Most of these are associated with industrial, rather than RM livestock production.

SOC appears to be similar to or less than, that in C-storage appears equal to or better than in

un-grazed grasslands. un-grazed and CM systems.

C-storage correlates with microbial biomass in grasslands over a range of geomorphic and climatological

conditions. However, sparse data suggests the need for further study.

Citations for the papers that provided sufficient detail on grazing protocols (CM, RM) to allow their use in this table are marked with an asterisk ) in the References section.
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Industrial animal agriculture: A vertically stratified production system based on a manufacturing model. At the top of the system is usually a multinational corporation. At
the bottom is the producer—the farmer or rancher. Between those extremes are “middlemen; responsible for finishing animals in confined animal feeding operations

(CAFOS) usually with high energy rations and chemical growth stimulants, processing the finished animal, and distributing the meat. Ruminants that are part of the

industrial meat production system usually spend at least half of their lives on pasture, after which they are confined for finishing. Today, four corporations control 80%-90%
of the global meat market. Further discussions information about industrial agriculture are available from Ikerd (2008) and Kleppel (2014)

Conventional management (CM): CM focuses primarily on production efficiency, i.c., optimizing the growth rate of the animal and the number of animals produced per
unit time per unit cost. Conventionally managed ruminants may or may not be part of an industrial operation. That is, animals may remain on pasture for their entire lives,
or they may be finished in a CAFO, and then sent to a “packing plant” for slaughter and processing. During the pasture stage of the animal’s life, which is the focus of this
paper, grazing may be continuous, meaning that the animals remain in one location for an entire season, or are rotated (i.¢., moved) to fresh pasture when they have grazed a
target amount (usually about half) of the forage. This may take weeks to months. CM livestock are stocked at relatively low density (ca. 1 ton or less per acre). They may

receive hay, baleage, and/or grain supplements during the grazing scason and beyond.

Regenerative management (RM): While productivity is important in any agricultural operation, regenerative agriculture, which emerged in the late 1980s (Rodale Institute,

2022) from the burgeoning organic movement (see Howard, 1940, 1947; Balfour, 1943), broadens the focus of farming and ranching to include environmental stewardship,
particularly the restoration and maintenance of soil health (Doran, 2002). While various authors equate regenerative and sustainable agriculture, both terms are imprecisely
defined (Kleppel, 2014; Newton et al, 2020), and authors are encouraged to define these terms specifically when they are used. In this paper, we consider regenerative
livestock management (sbbreviated RM), to be any of a cadre of management practices in which livestock spend the bulk of their lives on pasture, never receive artificial
growth supplements (e.g.,grains, steroids), are aggregated and moved in ways that practitioners believe (preferably based on data) mimic the aggregation and movement
attributes of wild ungulates. RM practitioners suggest that their techniques improve soil health, nutrient cycling, carbon storage, primary production, and biodiversity. We
examine some of these claims in this paper. While virtually all RM techniques are similar, we define some of these here, for clarity.

Short-duration grazing (Scarnccchia, 1985): Pastures are subdivided into paddocks through which livestock are moved (i.c., rotated) at a frequency of 1-3 days.

Savory grazing method (Savory, 1983): Combines increased stock density (to 3-5 times conventional densities) and short duration graz

ng.
Holistic management (Savory and Butterfield, 1999, 2016): An approach to agriculture that involves identifying an overarching goal for the operation, considering a
series of eight questions (tests) and using four tools—grazing, animal impact, fire, and technology—individually or in combination to manipulate various ecosystem

components in ways that lead to achievement of the goal,

Holistic planned grazing (Savory and Butterficld, 1999, 2016): The grazing tool associated with holistic management. Livestock are handled in ways similar to the Savory
grazing method, but management is modified to help achieve the operational goals of holistic management. To achieve desired grazing impacts and other desired outcomes
le:g. bird breeding habitat; see Cassidy and Kleppel (2017)), stock density and/or paddock area may be modified.

Multi-paddock or adaptive multi-paddock grazing (Icaguc et al,, 2009 Rowntree ct al, 2019): Terms common to the scientific iterature to describe livestock
aggregation and rotation methods similar to holistic planned grazing
g. These terms emerged from the

Management intensive grazing, a k.a. intensive rotational grazing (Gerrish, 2004): Equivalent to multi-paddock grazi

farming/ranching and extension sectors. A version of management intensive grazing practice, introduced by Canadian rancher Neil Dennis, is called mob grazing. The

technique employs very high stock densities (e.g., up to 400 tons acre™") for very short periods of time (hours). According to some farmers and ranchers, mob grazing

mproves soil health (e.g., water drainage, aggregate formation) dramatically (Brown, 2018).
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