Supplementary Information

A. Palaeoecological studies of temporal change in dung fungi, charcoal and pollen: Table S1

B. Illustration of contrasting relationships of megafaunal decline to fire in Pleistocene environments: Figure S1

B. Summary of studies on effects of large herbivores on fuel loads, fuel type and arrangement, and on fire regimes, in contemporary environments: Table S2

C.  Process for Systematic Review of Effects of contemporary large herbivores on fire regimes

D. Case study 1: White rhino in Southern Africa 

E. Case study 2: Rewilding the native herbivores of Southwestern North America

F. Case study 3: Swamp Buffalo in northern Australia



A. palaeoecological studies of temporal change in dung fungi, charcoal and pollen

Table S1. Palaeoecological reconstructions from sedimentary records, at sites where large-herbivore decline is indicated by falls in counts of spores of dung fungi through time periods overlapping regional megafaunal extinction, and where matching records of change in fire (from charcoal) and vegetation (from pollen) are also available. For each site, the date of spore decline is shown as thousands of years (ka) before present, based on calibrated radiocarbon chronologies and estimates of time of decline provided in the source papers. Studies are tabulated in order of age of dung-fungus decline and distinguished according to whether (green shading) or not dung-fungus decline was associated with increased charcoal concentration.

Notes on Table S1:
This compilation is restricted to studies that use the dung-fungus proxy to indicate changes in populations of herbivores, because the dung-fungus proxy provides records that can be aligned with records of fire (from charcoal) and vegetation (from pollen assemblages) recovered from the same sediments. The justification for treating dung-fungus spores as a proxy for herbivores, especially large herbivores, is provided in refs [1, 2]. Several recent studies have validated this proxy as an indicator of the abundance of living large herbivores [3-5]. In several cases, for example the South Island of New Zealand [5] and the sub-Antarctic Enderby island [6], spores of dung fungi faithfully represented the introduction and later decline or extirpation of large herbivores. The dung-fungus proxy has also been validated as in indicator of megaherbivore extinction in the case of the woolly mammoths of St Paul Island, where Sporormiella fixed a date (5,600 years ago) on extinction that matched almost exactly the timing of extinction determined from environmental DNA and from a well-dated collection of fossils [7].
Two studies were not included in the compilation in Table S1. Raczka et al. (2017) used Sporormiella to date decline of large herbivores to 12-11 ka at two sites in southeast Brazil [8]. Although they report that charcoal increased in the early Holocene, it is not clear whether isolated charcoal peaks around 12-10 ka might be associated with slightly earlier Sporormiella decline. A study on the South Island of New Zealand described Sporormiella declines attributed to extinction of moa and other large flightless birds but did not report on charcoal. Other studies have shown that over much of New Zealand fire was rare before human arrival because of lack of sources of ignition, but increased very soon after human arrival, almost certainly because of purposeful burning by people [9]. 
The study reporting Sporormiella and charcoal in southwest Madagascar [10] also detailed several sites elsewhere in Madagascar where Sporormiella counts were consistently low, and these are not included.
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	Location
	Approx. date of spore decline
	Pre-decline vegetation
	Ecological change associated with spore decline?
	Source

	South West Western Australia
	43 ka
	Dry shrub & grassland
	No change in vegetation or charcoal
	[11]

	NE Australia, Lynchs Crater
	42 ka
	Mixed wet & dry rainforest & sclerophyll forest
	Transition to grassy sclerophyll (eucalypt) forest
	[12]

	SE Australia, Caledonia Fen
	~50-40 ka
	Cool grass/shrub steppe
	No change in vegetation or charcoal
	[13]

	Peru, Lake Pacucha

	15.8 ka
	alpine/subalpine grassland
	Dung-fungus decline correlated with increased woody taxa, increased charcoal
	[14]

	Silver Lake, Ohio USA
	13.9ka
	Spruce ‘parkland’
	Dung-fungus decline closely followed by charcoal increase; vegetation shifted to mixed hardwood/conifer forest
	[15]

	Applemen Lake, Indiana USA
	13.7 ka
	Spruce ‘parkland’
	Dung-fungus decline closely followed by charcoal increase; vegetation shifted to mixed hardwood/conifer forest
	[16]

	Lough Nadourcan
	~13.5 ka
	Low Empetrum heathland
	No increase in charcoal with dung-fungus decline. Vegetation remained Empetrum heath, until increase in Betula with climate warming around 11 ka.
	[17]

	Long Lough, Ireland
	~13 ka
	Steppe tundra
	No increase in charcoal with dung-fungus decline; no vegetation change
	Jeffers et al 2018

	New York State, Binnewater Pond
	~13ka
	Pine & spruce forest
	Dung-fungus decline followed by charcoal increase; conifer forest persisted, with increased grass
	[18]

	Florida, Page-Ladson site
	12.7 ka
	Mesic hardwood forest or ‘parkland’
	Dung-fungus decline associated with increasing grass and charcoal, and transition to Pinus woodland.
	[19, 20]

	Quidenham Mere, Norfolk, England
	12.2 ka
	Steppe-tundra
	Charcoal decline soon after drop in dung-fungus; subsequent development of oak woodland linked to Holocene warming
	[21]

	St Paul Island, Alaska

	5.6 ka
	Tundra
	No vegetation change; charcoal absent before and after mammoth extinction
	[7], J. W. Williams pers. comm.

	SW Madagascar, Ambolisatra
	1.72 ka
	Mosaic of woodland, savanna, and thicket 
	Dung-fungus decline closely followed by charcoal increase, expansion of open grasslands
	[10, 22]

	Santa Cruz Is, Galapagos1
	500-700
	Freshwater wetlands
	Dung-fungus decline coincided with charcoal increase; wetlands replaced by sphagnum bogs
	[23]



1Decline of dung-fungi on the island of Santa Cruz indicate disappearance of giant tortoises from the interior uplands of the island, though they persisted on the coast.
[bookmark: _GoBack]Figure S1. Changes in counts of dung fungi (solid blue line, indicating large-herbivore biomass) and charcoal (dashed grey line, indicating fire activity) at two Australian locations: (a) Lynch’s Crater in NE Australia, and (b) a marine core close to the present-day coast of SW Australia. Dung fungi dropped at close to the same time (~42 ka) in both records, coinciding with fossil evidence of continent-wide megafaunal extinction [24]. Inferred herbivore decline was closely followed by increased fire at the forested Lynch’s Crater site, but not in the arid grass/shrubland of SW Australia. The animal is Procoptodon goliah, a member of the large-herbivore assemblage that went extinct ~ 42 ka (illustration by Gabriel Ugueto).
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B Table S2. Studies of the effects of large herbivores on fuel loads, fuel type and fuel arrangement.

Studies are rated according to type and strength of evidence. The large herbivores are either native wild species, or domestic livestock in intact (uncleared) landscapes. References are a representative sample rather than exhaustive, given the plethora of studies showing effects of large herbivores on fuel. Evidence type (from strongest to weakest): A – meta-analysis of multiple datasets; E: manipulative experiment; M – modelling of relevant data; C –correlative (e.g. from natural gradients); and O – observational. ‘Strength’ is a subjective assessment of the strength of evidence, explained in section C (below).

	
	Effect
	Evidence: 
	Refs

	
	
	type
	strength
	

	
a. Fuel loads
	
	
	
	

	Litter fuels
	Grazers reduce mass and cover of leaf litter & fine woody debris
	A, E
	3
	[25-28]

	Grass and herbaceous fuels
	Grazers reduce biomass, height, cover, continuity and accumulation rates
	A, C, E, M
	4
	[25, 29-37] and others

	
	Large browsers can increase herbaceous biomass by preventing tree recruitment
	O
	1
	[38]

	Understorey
	Elephants can increase understorey plant biomass by creating ‘tree guards’ from damaged canopies
	E
	1
	[39]

	Shrub fuels
	Herbivores reduce leaf biomass, growth rate and continuity
	E
	3
	[40-44]

	Elevated (canopy) fuels
	Large mammalian browsers reduce tree cover, density and biomass and slow recovery after fire by consuming woody sprouts
	E, C, M
	3
	[33, 35, 38, 44-49]

	
	Grazers can increase woody vegetation by reducing competition from grasses
	E, C
	2
	[28, 50-52]

	
b. Fuel type and arrangement

	
	Grazers can increase woody fraction (in some cases, converting grasslands to shrublands)
	A, C
	3
	[50, 53]

	
	Elephants can open up closed canopies and allow grasses and fires to penetrate
	O
	1
	[54]

	
	Herbivores can change woody plant composition (e.g. decrease palatable deciduous trees, increase unpalatable/flammable conifers that serve as ladder fuels)
	E, C, M
	3
	[46, 50, 55, 56]

	
	Grazers can create and maintain grazing lawns
	E, C
	3
	[57-59]

	
	Grazers can alter heterogeneity and grain size of patches in the landscape
	E, M
	3
	[60-62]

	
	Grazers can increase flammability of post-fire plant species mix (with some opposing effects)
	E
	1 
	[63]



C. Process for Systematic Review of Effects of contemporary large herbivores on fire regimes

We searched the Science Citation Index Expanded (SCI-EXPANDED) from 1945 to the present, and the Conference Proceedings Citation Index-Science (CPCI-S) from 1990 to the present. We applied three sets of search terms in sequence, as shown below:

	Set
	Terms
	Number of references

	A
	<herbivor*> OR <folivor*> OR <grazer> OR <browser>
	57,929

	B
	<fire>
	180,495

	C
	<A> AND <fire>
	1466



We then examined all the references in set C and removed studies of invertebrates; all remaining studies were of mammalian herbivores. From these, we selected studies of herbivores in mostly undisturbed ecosystems, without extensive clearing or conversion of original native vegetation. We did not apply a body-size criterion to represent large herbivores, but the species that remained after applying the filters described above ranged in size from dik-dik (~ 4 kg) up to elephant. Studies were then placed into three classes according to evidence type: experimental (i.e. manipulative experiments, usually involving herbivore exclosures); correlative (using natural gradients and contrasts of site with differing herbivore density) or modelling (modelling fire behaviour as predicted from measured fuel loads under different herbivore regimes). A 3-point rating of strength of evidence (3 is strongest) was applied to each study. This was judged on a combination of sample size, evidence type (with manipulative studies rated as strongest), effect size and a clear underpinning mechanism.


D. Case study 1:  White rhinoceros Ceratotherium simum in Southern Africa. 

[image: ]

Figure S2. White rhinoceros Ceratotherium simum [photo: Sally Archibald]

Large-scale patterns of herbivory and fire in African savannas. 
In African savannas there is a functional distinction between more fertile savannas, which tend to be found in arid environments, and dystrophic savannas, which are often found at higher rainfall [64]. Although fire and herbivory are present across the region the dominant consumer of plant biomass is herbivory in arid/eutrophic environments, and fire in mesic/dystrophic environments [65]. While the switch from herbivore to fire dominance is locally affected by soil texture, in general herbivores are most important below ~500mm mean annual rainfall (MAR) and fire dominates above ~800mm MAR. Between 500 and 800mm MAR either fire or herbivory may be the dominant control on vegetation biomass [66]. Many of Africa’s most important conservation areas and national parks are within this intermediate high-fire/high-herbivory region, which covers a large area. Notably, it is rare to find sites in this environmental domain that have intermediate consumption by both herbivores and fire; that is, similar ecosystems contain either many herbivores or are extensively burned [66]. This supports the idea that the dominant consumer in many African ecosystems can change in response to factors such as drought, disease, or management [67]. It also suggests that herbivory can control fire regimes and reduce fire extent through a large area of the African savannas. 

Evidence that variations in herbivore numbers affected fire regimes: a century of change in Hluhluwe iMfolozi Park
Hluhluwe iMfolozi park is a small fenced reserve in Kwa-Zulu Natal, South Africa, where MAR varies from ~550 to ~900mm.  Soil fertility is generally high, so the park is in the environmental range that allows either fire or herbivory to be the major consumer of plant biomass. The park has a well-documented history attesting to large variations in herbivore numbers over the more than 100 years since it was proclaimed [68]. Moreover, scientific research into fire and herbivory have provided insights into the interaction of these two above-ground consumers of plant biomass. 
Spatial comparisons provide evidence for suppression of fire by grazing animals. Dung counts are negatively correlated with the frequency of fire [69], indicating that grazing animals could reduce fire spread. Moreover, frequent fire occurs only where the representation of short grazing lawns drops below 10% [57]. This indicates a strong effect of fuel connectivity – which is broken by grazing lawns – on fire spread.
The effect of herbivores on fire regimes is also supported by monitoring of the ecological consequences of changes in herbivore numbers. When the iMfolozi portion of the park was first proclaimed in 1897 it supported a near-complete complement of large mammals, except that hunting during the 19th century had reduced the numbers of buffalo, and extirpated white rhino and elephant [68]. In the early 1930s herbivore biomass was heavily reduced by culling as a measure to control tsetse fly. Aerial photographs show that after culling a substantial area burned each year [Berry and Macdonald unpubl. report], despite active fire suppression, indicating that there might have been a positive response of fire to culling of large herbivores. After tsetse fly was eradicated, herbivore biomass recovered quickly through recolonization, and peaked in the early 1970’s at approximately 8,200kg/km2, including 1550 white rhino [70]. At this time fire in the park was highly restricted, never burning more than 20% of the total area [71].  
Culling recommenced in the late 1960’s and early 1970s due to concerns that herbivores were over-abundant and causing low grass basal cover that exacerbated erosion. Culling concentrated on the five major grazing ungulates: white rhino, wildebeest, zebra, buffalo and impala [72]. By 1981, large-herbivore biomass in the park was halved to ~4,000kg/km2, and white rhino numbers were around 600. Although there was a severe drought in the early 1980s mortality was minor. When the drought broke in 1985 the park experienced the most extensive burns ever recorded: >50% of the park burned for 5 consecutive years [71]. 
However, culling also slowed after the drought, and herbivore numbers recovered swiftly, especially among the large ungulates and megaherbivores [68]. White rhino numbers are now over 1500 in iMfolozi, and over 3000 in the whole park, and elephant (reintroduced in the 1980s) and buffalo numbers have also increased. Since the 1990s the area burned has ranged from 10 to ~40%, generally increasing over the last decade, and has never reached the highs of over 50% burned in the 1980’s when animal numbers were low [71]. 
Probably, the park has switched from a period of low herbivores/high fire in the 1930s, to a period of high herbivores/low fire in the 1970s, and back to low herbivores/high fire in the 1980s. It is highly likely that the current high abundance of rhino, buffalo, and elephant are holding the area burned at low levels (albeit higher than experienced during the peak herbivory of the 1970s). Variations in rainfall have also been important determinants of fire in this system. During years of high rainfall more herbivores are required to control low fuel loads, and during droughts even low herbivore numbers could be sufficient to switch fire off [73]. Once rainfall variability has been accounted for, however, herbivory still affects area burned [71]. 
The consequences for vegetation composition of this switch from fire-dominance to herbivore-dominance have been shown by Bond and Smythe [67]. They noted that in Hluhluwe iMfolozi park there was turnover in tree species composition at different demographic stages: the dominant canopy trees were herbivore-adapted Acacia nilotica species, while the dominant juvenile trees were fire-adapted A. karroo. They proposed that the A. nilotica canopy trees established in the 1960’s when there was far less fire and higher densities of short-grass specialist grazers. Analysis of tree rings has since confirmed that A. nilotica established largely in the late 1960’s to early 1970’s, when rhino densities reached a peak and fire was at its lowest recorded levels, while there is no recruitment of A. nilotica under the current environmental conditions. In contrast, most of the A. karroo trees established in the early 1990’s, and recruitment is continuing under the current fire regime [69]. The consequences for other aspects of biodiversity of these switches from fire-prone, to herbivore-conditioned ecosystems are still to be explored. Nonetheless, it is clear that if management aims to use herbivores to control fire regimes, then cascading effects on ecosystems should also be considered. 

Experimental evidence for the role of different herbivores in controlling fire regimes
The data summarised above are largely correlative, and it is difficult to use them to determine which herbivore species have the strongest effects on fire in the park. Grazing animals are likely to have bigger impacts than browsers, but are impala as effective as white rhino in altering fuel connectivity and controlling fire spread? Moreover, the large range of rainfall experienced by the park allows us to determine whether efforts to control fire through trophic rewilding might be constrained by environmental conditions. 
Herbivores have no impact on fire weather or sources of ignition, so their control of fire operates through their effects on fuel loads, or more importantly, fuel connectivity. It follows that changes in fire size due to herbivory would be the mechanism by which herbivores affect fire regimes in grassy ecosystems. Large herbivores like elephant and buffalo consume tall grass and reduce fuel loads, but short-grass specialists, like white rhino or wildebeest, may have even more influence on fire, through their ability to create and maintain grazing lawns—continuously grazed short-grass patches too short to carry fire. 
A landscape-scale experiment tested the role of white rhino relative to other herbivores in altering fuel connectivity and affecting patterns of fire [74]. Rhinos are removed from the park for re-introduction to other conservation areas. Waldram et al. (2008) located several recent removal areas in the south (arid ~600mm MAR) and north (mesic ~800mm MAR) of the park and compared these with non-removal areas. They measured grass height around extant rhino wallows, and wallows without rhinos (although other animals might still use these habitats), and they used Landsat TM data to quantify the size and patchiness of the fire scars in the area around the wallows.  
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Figure S3. From Waldram et al (2008): changes in sward height around wallows with and without rhinos at high (Hluhluwe) and low (iMfolozi) rainfall sites. At low rainfall other herbivores can maintain short grass in the absence of rhino, but at high rainfall rhino are required to maintain short-grass patches. 

These comparisons showed that rhinos significantly increase the proportion of short grass in a landscape. In low-rainfall areas (~600mm MAR) other animals were able to maintain short-grass habitat in the absence of rhinos, but at high rainfall (~800mm MAR) tall grasses dominated when rhinos were removed. Under these conditions, other grazers disappeared. 
Fires were always significantly larger when rhinos were removed, but in high-rainfall areas fires increased 50-fold, from approximately 10ha to 500ha on average. In contrast, fires in the low-rainfall iMfolozi were ~4 times larger when rhinos were removed. These results demonstrate that large, “keystone” megaherbivores have disproportionate effects on ecosystem properties, including fire. 

[image: ]

Figure S4. From Waldram et al (2008): impacts of rhino removals on fire size at high rainfall (Hluhluwe) and low rainfall (iMfolozi) locations. Black represents mean area of each fire with rhinos, and grey the area when rhinos were removed. 

Given that rhino were once common across southern and eastern Africa [75], their role in maintaining short-grass ecosystems and reducing fire size might have been important at regional scales. Evaluation of rhino re-introductions into Kruger National Park showed that across high- and low-nutrient geologies, rhino increased the area of short-grass by a factor of close to 2, and the number of lawns by a factor of 20; short grass areas increased from 15% to 20% on granites and from 6 to 11 % on basalts [76]. Whether these reductions in fuel continuity are sufficient to reduce fire spread has not yet been tested, but given the finding that when short lawn-grass ecosystems increase above 10% fire rapidly drops out of the ecosystem [73], this seems likely. 

Implications for rewilding 
· Effectiveness of herbivore impact on fire depends on the rainfall/soils, as well as the type of herbivore
· Rewilding for fire management will need to consider other ecosystem consequences of high densities of large herbivores (for example, in the 1960s’ when fire was at its lowest, there were concerns about erosion risk, certain animals/plants being excluded, etc). 




E. Case study 2: Rewilding the native herbivores of Southwestern North America

Summary
· During the Pleistocene, the American Southwest supported a rich megaherbivore fauna. This fauna was mostly extinct by 11,500 YBP, probably because of Paleoindian hunting.
· Despite these extinctions, populations of some large herbivores, such as pronghorn antelope, desert bighorn sheep, white-tailed deer, and mule deer, continued to graze and browse the vegetation of the region.
· Widespread Euro-American settlement in the late 1800s led to drastic decline in the herbivore assemblage through hunting and replacement by livestock, especially cattle.
· These changes in combination with active fire suppression led to a dramatic reduction in naturally-frequent, low-intensity surface fires in the 20th century, and a consequent build-up in fuels.
· On both sides of the US-Mexico border, private and public land owners are rewilding lands with native megaherbivores that were common before settlement. The goals of these initiatives are to re-establish native wildlife species, enhance livelihoods of local people, and restore ecosystem function.  
· These efforts may have the added benefit of reducing fuel and mitigating the risk of dangerous, uncharacteristic wildfire.
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Figure S5. Desert bighorn sheep Ovis canadensis nelson in the American southwest (photo: Louis Harveson).




Environmental and Historical Context
During the Pleistocene, southwestern North America supported a rich megaherbivore fauna. This fauna was largely extinct by the beginning of the Holocene, approximately 11,500 years ago. The hypothesis that most of these species (mammoth, mastodon, desert camel, bison, horse, and others) were hunted to extinction by Paleoindians is supported by remains at Clovis kill sites across the region [77, 78]. Late Pleistocene megaherbivores probably inhabited open grassland, scrub, piñon-juniper, and pine-oak woodland habitats with abundant fine fuel beds of grasses and forbs [79, 80]. The distribution of these vegetation types has contracted since the climate became hotter and drier following the melting of the Laurentide Ice Sheet. Today, these vegetation types are generally found between 1,100 and 2,200 masl; the pattern of distribution of surviving large herbivores is similar.
From the beginning of the Holocene until widespread Euro-American settlement, populations of large herbivores persisted across the region [81-83]. They included pronghorn antelope (Antilocapra americana), desert bighorn sheep (Ovis canadensis nelsoni), white-tailed deer (Odocoileus virginianus), mule deer (Odocoileus hemionus), and bison (Bison bison). These species were migratory, consuming a range of herbaceous and woody vegetation depending on the species, season, precipitation, and local vegetation complex [80, 84, 85].
Euro-American settlement of the Southwest in the late 1800s brought two further dramatic changes to the megaherbivore fauna of the region.  First, land-use change and hunting drastically reduced populations of large, native Holocene grazers [83, 86]. Second, settlers introduced large numbers of livestock, especially cattle and sheep. By the 20th century, native megaherbivores had largely been replaced by non-native species throughout the American Southwest.

Changing relationships of vegetation, herbivory, and fire
For millennia, wildfire has had large impacts on the abundance and distribution of vegetation and fuels in southwestern North America [87]. Fire and climate are closely related in this region. Fuel builds up in wet years, and regionally-synchronous fires occur during anomalously dry years [88]. The fire cycle is not well-documented during the cool and wet late-Pleistocene. Limited evidence from charcoal in sediments suggests that fires did occur during this period [89, 90], but fire activity increased dramatically in the early Holocene [90]. This increase was probably due to the hotter and drier climate following glacial melt. It is also possible that loss of megaherbivores led to increased accumulation of fuel, and resulted in more intense or frequent fire [16].
From the early Holocene to the late 1800s the fire regime was characterized by frequent low-intensity surface fires. This changed with widespread introduction of livestock and federally-funded suppression of fire. Euro-American settlement brought many thousands of head of sheep, goats, and cattle to both sides of the US-Mexico borderlands. For example, in the state of Arizona livestock numbers surged from just 37,000 head in 1870 to 1.5 million cattle and 1 million sheep at the peak of the Cattle Boom in the 1890s [91]. Grazing of domestic livestock at high densities caused dramatic reduction of fine fuels and was associated with reduced prevalence of low-intensity surface fires across the Southwest, as evidenced in tree-ring fire-scar chronologies [92, 93]. While this pattern of livestock introduction and wildfire cessation began in the U.S. in the 1880s, it did not occur until several decades later in Mexico when the ejidos or communal land holdings formed under the 1934 Agrarian Reform Act, causing heavy stocking of domestic livestock in formerly-desolate regions of the country [93, 94]. The result was virtual elimination of fire from the region for over a century. The disruption of the frequent surface fire regime has unintentionally led to a substantial build-up of live and dead woody fuels.
Recently, the combination of increasing aridity with poor livestock prices and a surge in “recreational ranching” has caused the breakup of large working ranches across the region and a fall in numbers of domestic livestock [91, 95, 96]. For example, livestock in the Trans-Pecos region of west Texas declined from 400,000 to 200,000 animal units between 1980 and 2018 (www.nass.usda.gov). There have been similar changes on the other side of the border in northern Mexico, where the breakup of the ejidos in 1997 allowed communal Mexican landowners to similarly break up and sell off their lands as well [97].
[bookmark: _Hlk509577617]Regional declines in domestic livestock grazing, coupled with over a century of woody fuel loading under a continually-hotter and drier climate, are leading to a new era of fire characterized by much larger, more intense wildfires [98]. As a result, fire risk has become a major environmental, economic, and safety concern in the American Southwest.

Rewilding native megaherbivores in southwestern North America
Managers of public and private land are currently involved in large-scale rewilding of native herbivores on both sides of the US-Mexico borderlands. These efforts aim to restore ecosystem function, improve land productivity, and increase income. They could provide the added benefit of mitigating fire risk in areas that are now more vulnerable than ever to anomalous large-scale wildfires. Rewilding in this region provides a real-world, working example of native herbivore restoration at several sites across a large region.
Declines in traditional ranching due to both climatic and economic changes have stimulated a shift in private land-use towards wildlife management [99]. Hunting permits for large herbivores such as desert bighorn sheep range from USD60,000 to over USD300,000 for one permit. Permit costs for other large herbivores are similarly high and provide a major economic incentive for private land owners to join public wildlife managers in restoring native herbivores. Texas Parks and Wildlife Department managers have ongoing restoration projects for pronghorn antelope, desert bighorn sheep, elk, and mule deer on both the Black Gap and Elephant Mountain Wildlife Management areas, as well as on several private ranches [phone interviews with L. A. Harveson, A. Miller, S. Gray]. Likewise, on the Mexican side of the border in Coahuila, the Cemex Corporation has reintroduced all four of these native species to the Sierra del Carmen, and individual ranchers have reintroduced mule and whitetail deer in the nearby Serranías del Burro and Sierra Encantada ranges [phone interview, B. Mckinney]. In all cases, individuals from regionally stable source-brood populations have been used to repopulate areas that once served as native habitat for these species, minimizing effects of genetic outcrossing. 
The effects of rewilding on vegetation, fuels, and fire regimes in the region have yet to be assessed. However, there is evidence from herbivore-exclusion experiments that these grazing and browsing ungulates can reduce plant biomass significantly within their current distributions in the Southwest [100, 101].  Moreover, the well-documented decline in fire frequency due to grazing by domestic livestock suggests that the reintroduction of large, native grazers and browsers has the potential to reduce wildfire risk, especially if implemented in conjunction with fuel hazard reductions of larger woody fuels. Moreover, there are reasons to expect that impacts from native herbivores will be more evenly distributed across vegetation than that of livestock. Cattle principally graze on graminoids in the Southwest, with some affinity for shrubby species such as mesquite (Prosopis spp.) [102]. Domestic sheep and goats graze more intensively on forbs and woody taxa [103]. In contrast, native herbivores display wider forage preferences. The diet of desert bighorn sheep consists of 50% browse, 35% forbs and 11% grasses [104]. Native whitetail and mule deer also browse on a mixture of herbaceous and woody taxa, as do elk and antelope [105, 106]. The more mixed diet of native herbivores than domestic livestock, especially cattle, suggests that rewilding native herbivores could modify not only the herbaceous fuel bed, but also woody shrubs and trees through browsing. This would be especially true at sites such as the Sierra del Carmen in Coahuila, Mexico, where four different species of native herbivores have been reintroduced across one mountain range [phone interview, B. Mckinney]. 
Grazing pressure in this and in other rewilding locations is largely unknown. The question remains whether restocking rates of native herbivore will attain levels at which they alter fine and other fuel loadings to the degree needed to mitigate fire risk. Nor do we yet understand the extent to which existing native top predators including mountain lions (Puma concolor) and American black bear (Ursus americanus) will influence herbivore abundance or modify their effects on the vegetation and fuel complex. Overgrazing is also a concern, as evidenced by the widespread overgrazing by invasive non-native Barbary sheep (Aoudad) throughout west Texas rangelands. Nevertheless, the efforts to rewild native megaherbivores across the American Southwest, in a region where animals roam freely across an international border, provide an exciting opportunity to assess the effectiveness of rewilding, restoration of ecosystem function, sustainable development, and reduction of the threat of wildfire in a fire-adapted landscape.




F. Case study 2: Swamp Buffalo (Bubalus bubalis) in northern Australia

Summary
· The swamp buffalo (Bubalus bubalis) is a novel megaherbivore in the northern Australia savanna biome, filling a large mixed-feeder niche that has been vacant since the Pleistocene megafaunal extinctions.
· Buffalo increased to high densities in Kakadu National Park between the 1950s and 1980, after which their numbers plummeted as a result of a targeted eradication program.
· High densities of buffaloes affect fire regimes and plant and animal communities, as well as floodplain hydrology. 
· Buffalo removed most of the surface vegetation from freshwater floodplains. This was associated with reduced fire activity. Subsequent removal of buffalo from these areas was accompanied by more frequent, larger fires.
· Historical reconstruction suggests that the effects of buffalo were smaller in eucalypt savanna, but that they did reduce fire activity in the savanna by consuming grassy fuels. They also browsed and trampled juvenile trees. Removal of buffalo from heavily-impacted areas appears to have initiated a grass-fire cycle, suppressing recruitment of juvenile trees and further promoting annual grasses.
· Experiments manipulating buffalo show that there were fewer savanna trees in an area where buffalo were removed than where they remained, due to altered competitive relationships between trees and grasses, as well as effects on fuel loads and resulting fire regimes.
· Synthesis of available data suggest that high densities of buffalo are associated with reduced fire activity, but that this comes at a heavy environmental cost. Removal of buffalo did not restore savanna vegetation to its original condition. 
· Attitudes to the trade-offs of ecological costs and benefits are culturally framed.
· Buffalo are not perfect analogues for extinct marsupial megafauna, because they have hooves and their trampling and wallowing has substantial eco-hydrological impacts.
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Figure S6. Asian water buffalo Bubalus bubalis in northern Australia (photo credit: David Hancock]


Environmental and historical context
The swamp buffalo is one of many species of ungulates introduced to Australia by Europeans. It is around 30 times larger than the largest living marsupial herbivores (kangaroos), indicating it may occupy a niche made vacant by the Pleistocene megafaunal extinctions [107]. Buffalo were introduced to monsoonal north Australia in the 1820s and became feral. Initially densities were low, but they increased especially from 1960 to a peak in 1980 [108, 109]. Numbers then plummeted as a result of the Brucellosis and Tuberculosis Eradication Campaign (BTEC), implemented between 1980 and 1994 to allow export of Australian beef. Buffalo were largely eliminated from Kakadu National Park and the surrounding region. A few herds remained further east in Arnhem Land, and they are gradually re-entering the Kakadu region [109].

Effects on vegetation of fire regimes, herbivory and their interactions 
The greatest impact of buffalo was on the floodplains of the Alligator Rivers Region [109], where they modified the hydrology and removed most of the surface vegetation. Buffalo consume up to 30 kg dry matter per day and are mixed feeders, switching from a diet of primarily grass in the growing season to browse in the dry season [107]. 
Buffalo reduce grassy fuels in savanna woodlands [51, 110], and they also create tracks that break the continuity of grassy fuels [110]. Consistent with these reductions in grass-fuel biomass and continuity, buffalo presence has been correlated with lower fire activity, especially on the floodplain [111, 112]. The effects of buffalo on woody vegetation in savanna woodlands were more difficult to detect than on floodplain vegetation [109, 112, 113]. This was possibly because while buffalo can directly damage woody vegetation through trampling and browsing, they also enhance woody plant recruitment by decreasing competition from grasses and reducing the frequency and intensity of fire. The net effect on woody vegetation may be small [110, 112].

Other environmental and social impacts
Buffalo created channels and damaged natural levees, allowing salt water to inundate and kill salt-sensitive Melaleuca forests [109, 114, 115]. Removing buffalo from the region caused further changes to the vegetation. Petty et al. (2007) [109] state that the floodplain vegetation largely reverted to its original state, but Bowman et al. (2010) [115] detected a legacy effect on salinized areas.
The introduction and subsequent eradication of buffalo initiated a series of demographic effects in savanna tree populations through changing ground-level biomass, which altered competitive relationships as well as fuel loads and resulting fire regimes [28, 109, 116]. For example, there were fewer juvenile trees in an area where buffalo were removed than a comparable area where they remained [28]. The altered fire regimes, to which buffalo introduction and eradication probably contributed, were also associated with severe declines in small native mammals across much of northern Australia, including Kakadu National Park [117, 118].
Buffalo represent a significant reservoir and vector of livestock diseases such as brucellosis and tuberculosis. They are also a threat to public safety because they can attack people and cause serious collisions with motor vehicles (Bowman and Corbett in press).

Social Consequences 
The wetlands of the Kakadu region are important economically and culturally. The adverse effects of buffalo on the floodplains were of concern to both the European and Indigenous communities [109, 115]. However, Indigenous people also value the buffalo for subsistence hunting and have incorporated it into their culture. Because of this, they disputed the goal of eradication [119].

Management responses
The environmental benefits of removing large populations of buffalo from the Kakadu area were essentially a by-product of the BTEC campaign. However, there were earlier efforts to reduce buffalo numbers for environmental reasons, by managers of a conservation reserve that was later incorporated into Kakadu National Park [109]. 
Managers of Kakadu National Park employ extensive dry season burning with the aim of reducing fuel loads and the incidence of late dry season fires [120]. However, this approach is expensive to implement and has not been effective in meeting performance thresholds relating to limiting effects of severe fires on vegetation and maintaining significant areas of long unburnt habitat [109]. Land managers are faced with a complex balancing act involving differing, and sometime conflicting, cross-cultural views about the role, value and appropriate densities of buffalo in northern Australia.  

Implications for re-wilding
Buffalo are not perfect analogues for the extinct megafauna: their hard hooves, wallowing and track-forming behaviour create effects unlike those of living or (presumably) extinct marsupial large-herbivores, and have particularly large impacts on floodplain vegetation and hydrology, especially when buffalo are present at high densities. Buffalo do, however, provide some benefits for Indigenous people and they can potentially reduce fire activity. Attitudes to buffalo, and tolerance of their adverse effects, differs according to cultural perspective.
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Figure S6. Timeline showing major changes in fire and megafauna in the Kakadu region. The black segment in the buffalo timeline indicates increasing buffalo densities to a peak around 1980.
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