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Abstract. Savannas are the major biome of tropical regions, spanning 30% of the Earth’s
land surface. Tree : grass ratios of savannas are inherently unstable and can be shifted easily by
changes in fire, grazing, or climate. We synthesize the history and ecological impacts of the
rapid expansion and eradication of an exotic large herbivore, the Asian water buffalo (Bubalus
bubalus), on the mesic savannas of Kakadu National Park (KNP), a World Heritage Park
located within the Alligator Rivers Region (ARR) of monsoonal north Australia. The study
inverts the experience of the Serengeti savannas where grazing herds rapidly declined due to a
rinderpest epidemic and then recovered upon disease control.

Buffalo entered the ARR by the 1880s, but densities were low until the late 1950s when
populations rapidly grew to carrying capacity within a decade. In the 1980s, numbers declined
precipitously due to an eradication program. We show evidence that the rapid population
expansion and sudden removal of this exotic herbivore created two ecological cascades by
altering ground cover abundance and composition, which in turn affected competitive regimes
and fuel loads with possible further, long-term effects due to changes in fire regimes. Overall,
ecological impacts varied across a north–south gradient in KNP that corresponded to the
interacting factors of precipitation, landform, and vegetation type but was also contingent
upon the history of buffalo harvest. Floodplains showed the greatest degree of impact during
the period of rapid buffalo expansion, but after buffalo removal, they largely reverted to their
prior state. Conversely, the woodlands experienced less visible impact during the first cascade.
However, in areas of low buffalo harvest and severe impact, there was little recruitment of
juvenile trees into the canopy due to the indirect effects of grazing and high frequency of
prescribed fires once buffalo were removed. Rain forests were clearly heavily impacted during
the first cascade, but the long term consequences of buffalo increase and removal remain
unclear. Due to hysteresis effects, the simple removal of an exotic herbivore was not sufficient
to return savanna systems to their previous state.

Key words: Asian water buffalo; Bubalus bubalus; ecological cascades; grazing–fire interactions;
historical ecology; hysteresis; invasive species; northern Australia; tropical savannas.

INTRODUCTION

Savannas cover almost a third of the world’s land

surface: over 50% the area of Africa, 50% of tropical

Australia, 45% of South America, and about 10% of

India and Southeast Asia (Cole 1986, Werner et al.

1991). They are the major biome of tropical and

subtropical regions, occurring wherever rainfall is highly

seasonal. Vegetation is sparsely wooded with a contin-

uous C4 grassy understory (Huntley and Walker 1982,

Sarmiento 1984, Tothill and Mott 1985a, Frost et al.

1986, Walker 1987, Solbrig et al. 1996), although they

also incorporate other elements such as scattered heavily

forested patches, riverine communities, and floodplains

(Scholes and Archer 1997). The differences among

savannas are often described in terms of tree : grass

ratios. Grassy savannas predominate in east Africa (e.g.,

the Serengeti) and central and northern South America

(e.g., the Gran Chaco and Venezuelan llanos), while in

south eastern Africa (miombo), southeastern Brazil

(cerrados), the coastal plains of southeastern United

States and Central America (pine savannas), and

northern Australia (eucalypt savanna) wooded savannas

predominate.

The determinants of savanna tree:grass ratios have

been much studied (Belsky 1990), most recently by

Scholes and Archer (1997), Higgins et al. (2000), Jeltsch

et al. (2000), House et al. (2003), van Langevelde et al.

(2003), Sankaran et al. (2004, 2005), and Gardner

(2006). These studies are consistent in demonstrating

that what seems like a node of stability in time is mainly

a product of disturbance (e.g., fire, grazing, drought). It
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is the disturbance-dependent nature of savannas that

makes them particularly susceptible to anthropogenic

change, whether from direct management or the

introduction of novel species. Indeed, savannas on every

continent have experienced some degree of change in

tree : grass ratios over recent decades or centuries, due

especially to changes in management affecting grazing

and/or fire (Sinclair and Norton-Griffiths 1979, San José

and Fariñas 1983, 1991, McNaughton 1985, 1993,

Menaut et al. 1985, 1990, Archer 1990, Stott 1990,

Werner 1991, Scholes and Walker 1993, Glitzenstein et

al. 1995, Chidumayo et al. 1996, Moreira 2000, Silva et

al. 2001, Platt et al. 2002, du Toit et al. 2003, Sharp and

Whittaker 2003, van Langevelde et al. 2003, Bond and

Keeley 2005, and references therein).

The majority of these studies on savanna processes

have focused on the role of grazing or fire in shaping

savanna structure, but only a few have considered both

simultaneously (e.g., Norton-Griffiths 1979, San José

and Ferinas 1983, 1991, McNaughton 1993). The most

applicable contrast to our study is that of Norton-

Griffiths (1979) who richly detailed the cascading effects

of an 1890–1895 rinderpest epidemic that eliminated

95% of the ruminant grazers of the Serengeti in East

Africa. The number of ruminants remained well below

historical levels for some 50 years until disease control

measures gradually restored the population. The sudden

removal of grazers from the savanna had a profound

impact on plant, animal and human populations as well

as fire regimes, and the effects were still evident some

four decades after rinderpest was brought under control.

We report here on circumstances that invert the

Serengeti experience. In the mid 1800s, English settlers

introduced Asian water buffalo (Bubalus bubalis Lydek-

ker; see Plate 1), a novel large herbivore, into the tropical

savannas of central far north Australia, a continent

whose biota have evolved, at least since the Pleistocene,

in the absence of large grazers (Mulvaney and Kammin-

ga 1999). As early as 1885, Captain L. Carrington warned

that, left unchecked, buffalo would become a ‘‘serious

evil’’ (Carrington 1885). Indeed, buffalo expanded

rapidly across several major river systems of the north

within a century. Numbers grew rapidly to carrying

capacity from 1960 to 1980, and their ecological impact

was recorded (Stocker 1972, Letts et al. 1979, Braithwaite

et al. 1984, Taylor and Friend 1984, Ridpath 1991,

Corbett 1995, Corbett and Hertog 1996, Skeat et al.

1996). In the 1980s, some 150 years after its introduction,

a government-sponsored eradication campaign rapidly

removed the buffalo from most of its range.

Only now has there been enough research at sufficient

spatial and temporal scales for us to appreciate the

extent of the cascading effects and long-term nature of

the ecological changes caused by the rapid increase and

subsequent decrease of buffalo. In this paper, we aim to

(1) establish the historical pattern of buffalo abundance

in a region of significant biological and cultural

importance, using published, archival and oral sources

and (2) investigate the secondary impacts of buffalo on

structure and dynamics of three major vegetation types
in the savannas of the region: floodplains, monsoon

forests, and woodlands.
Like the rinderpest epidemic of the Serengeti, this

situation provides ‘‘a rare opportunity to understand an
ecosystem’’ (Sinclair and Norton-Griffiths 1979). The

savannas of north central Australia are broadly similar
in climate and structure to the mesic savannas of Africa
and South America, with over 1000 mm of rainfall and

an extended dry season (Sarmiento 1984, Menaut et al.
1985) but are generally oligotrophic and support a

relatively low biomass of vertebrates (Mott et al. 1985,
Braithwaite 1990). Unlike the savannas of Africa, but

like the savannas of South America, Australia does not
have native flora adapted to large ungulates. This had

profound consequences for perennial and annual grass
responses to grazing pressure in Australia.

This work also yields insights into the nature of niche
competition and demographic processes in shaping

savanna ecosystems in general, and informs current
debate regarding the interaction between fire and

grazing on shaping Australian savanna composition
and structure (Fensham and Holman 1999, Sharp and

Whittaker 2003, Archibald et al. 2005, Mills and Fey
2005). It also provides an example of the cascades of

effects that can flow through ecosystems when a major
restructuring agent (large grazer) is added or subtracted

from the system. Finally, it is a case study in the
application of historical ecology to contemporary
management questions, demonstrating that both envi-

ronmental and historical factors must be considered
when attempting to make sense of observed landscape

scale changes.

METHODS AND FRAMEWORKS

Location and biome

Buffalo ranged across most of north-central Austral-

ia, colloquially referred to as the ‘‘Top End’’ (Fig. 1).
The densest populations of buffalo and the longest

management history were in the Alligator Rivers Region
(ARR; Finlayson et al. 1997), a region of approximately
28 000 km2 that encompasses three large tidal river

systems: the East Alligator, South Alligator, and West
Alligator Rivers. Climate, hydrology, geology, and

biotic elements of the ARR are described in detail in
Finlayson and von Oertzen (1996). The present Kakadu

National Park (KNP), a World Heritage area, is
bounded by the ARR. Because KNP was established

over three stages, from 1974 to 1987 (Press et al. 1995),
we often refer to the ARR in historical terms as

required, but with the understanding that most of this
same area ultimately became KNP.

The ARR was the location of both the earliest buffalo
hunting leases and the most thorough attempts at

population control and eradication. The park is
considered to be particularly pristine ecologically, with

no known extirpations and relatively few exotic fauna
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(Braithwaite and Werner 1987, Press et al. 1995,

Woinarski et al. 2001), although there are six non-native

mammal species (Ridpath 1991). Exotic plants are

mainly confined to disturbed ground and riparian

communities (Cowie and Werner 1993). The ecological

focus of our paper is KNP, with references to the larger

region as required by historical narrative.

For the paper, we use the term ‘‘savanna’’ in the sense

of Scholes and Archer’s (1997) term ‘‘savanna land-

scape,’’ a biome with many elements including open,

sparsely wooded vegetation, closed-canopy monsoon

forest, and open, herbaceous floodplains. To avoid

confusion we use the simple word ‘‘woodland’’ for the

dominant sparsely wooded vegetation community com-

monly called ‘‘savanna’’ or ‘‘savanna woodland.’’

Sectors of Kakadu National Park

In our work, we discovered that reconciling historical

records and ecological studies of impacts made sense

only when we divided KNP into three sectors: northern,

central, and southern. These roughly correspond to

Stage 2 of KNP (declared a national park in 1984), Stage

1 (1979), and Stage 3 (1987), respectively (Levitus 1995;

Fig. 2a). These sectors reflect the different social

histories of KNP as well as the different dates of buffalo

encroachment as they moved southward. They differ in

relative cover of the main vegetation types (more

floodplains in the north and woodland in the south;

Fig. 2b), and soils (low lying, poorly drained, clay soils

are common in the northern sector; uplifted Proterozoic

sandstone with shallow, sandy soils dominate the

southern sector [East 1996]). A rainfall gradient spans

the sectors, decreasing from an average of 1380 mm/yr

in the north to 1150 mm/yr in the south (Fig. 2c).

The northern sector is dominated by the floodplains

and tidal channels of all three of the Alligator Rivers. By

far the largest in extent and volume is the South

Alligator River. In the wet season, the South Alligator

floodplains span some 5–10 km on either side of the

central channel and, in the dry season, a twice-daily tidal

bore advances some 90 km inland, into the central

sector. The major floodplains in the northern sector are

interspersed with lateritic upland ridges of savanna

woodland dominated by Eucalyptus miniata A. Cunn. ex

Schauer and Eucalyptus tetrodonta F. Muell.

The central sector extends across a region of

freshwater floodplains, seasonally inundated savanna,

and drier upland savanna lying 60–80 km inland from

the coast. It includes a special wetland complex of some

200 km2 where the South Alligator River discharges

FIG. 1. The top map shows northern Australia (‘‘Top End’’) and the maximal extent of the buffalo invasion in Australia
(adapted from Letts et al. [1979]). The bottom map shows the core buffalo region, including the Alligator Rivers Region and
Kakadu National Park, the historical locations of abattoirs, and the location of the earliest settlements in the Top End, Port
Essington, and Palmerston (present-day Darwin).
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FIG. 2. Maps of Kakadu National Park (KNP): (a) details of the biogeographic and historical sectors of Kakadu National
Park, as well as the location of abattoirs within the Alligator Rivers Region, and the location of the former Woolwonga Reserve
(1936–1979) and Kapalga Research Station (1974–1996); (b) the major vegetation communities of Kakadu National Park
(unshaded areas are generally other wooded savanna); (c) a map of rainfall isohyets, in mm/yr. Vegetation data are from Schodde et
al. (1987) and Wilson et al. (1991). Rainfall data are derived from gridded monthly climate data at 0.258 of latitude–longitude from
the National Climate Centre of the Bureau of Meteorology Research Centre, Melbourne, Australia.
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freshwater into a vast network of floodplains and

perennial and seasonal billabongs that in turn eventually

drain into a tidal channel. The central sector also

includes Jim Jim Creek, a major tributary of the South

Alligator River characterized by braided streams,

perennial billabongs, and an admixture of paperbark

(Melaleuca spp.) swamps, seasonally inundated open

woodland savanna, and upland Eucalyptus miniata/E.

tetrodonta woodland savanna.

The southern sector incorporates a large area of

upland plateau, part of the Arnhem Land Plateau, to the

east and south, and large outwash plains and lowland

savanna woodlands to the west. Both the plateau and

the lowland savanna woodlands are interspersed with

numerous perennial and seasonal creeks. The southern

sector was formerly two large pastoral properties, and

was the last sector to be incorporated into KNP in 1987

(Press et al. 1995), well after eradication efforts were

underway in the northern and central sectors.

Ecological cascades

The ecological impacts of buffalo differed across

sectors depending on the local buffalo population,

vegetation community and edaphic factors. Our under-

standing of these complex ecological processes and

impacts is greatly enhanced by recognition of the

ecological chain of impacts initiated by the rapid

increase and decline of buffalo. We have constructed

two ecological cascades that operated during two

different times: (1) the period of increase in buffalo

densities, from 1960 to 1980; and (2) the period of rapid

decline in buffalo densities, 1980–1994.

During each of these cascades, the rapid increase or

decline of buffalo densities directly altered ground cover

abundance and composition. Buffalo often stripped

ground vegetation bare as they approached carrying

capacity in the first cascade. Conversely, ground

vegetation, particularly annual grasses, were released

by buffalo decline. In general, the direct effect of buffalo

on ground level vegetation and soils indirectly altered

competitive relationships among trees, grass and forbs,

as well as produced large changes in fuel loads and fire

regimes which, in turn, further altered species compo-

sition and overall structure of the savanna. The second

cascade, with the reversal in grazing pressure, also

included significant hysteresis effects within the vegeta-

tion (Werner 2005, Werner et al. 2006) and released

resources to other feral animals which then increased in

numbers (Corbett 1995).

THE HISTORY OF BUFFALO IN NORTHERN AUSTRALIA

Introduction, dispersal, and increasing population density

Buffalo were first introduced to mainland Australia

from 1825 to 1829 in several small shipments totaling no

more than 100 individuals to Port Essington and Raffles

Bay on the Cobourg Peninsula (McKnight 1976,

Ridpath 1991). As the original settlements were aban-

doned, these buffalo were left behind and their

descendants expanded across the peninsula. In 1844,

the explorer Ludwig Leichhardt reported buffalo

grazing on the Murgenella Plains, immediately south

of the Cobourg Peninsula and approximately 80 km

from the Alligator Rivers Region (Leichhardt 1884).

Once they passed through the hilly and relatively

inhospitable neck of Cobourg Peninsula, buffalo rapidly

expanded across the coastal riverine plains. In an 1862

expedition along the Mary River coastal plain, John

McDouall Stuart reported no buffalo sightings, but by

PLATE 1. A buffalo cow and calf in the buffalo farm (central sector, Kakadu National Park, Australia). The exotic weed Hyptis
suaveolens forms a clump to the right of the buffalo and also infests the woodland edge in the background. Photo credit: A. Petty.
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1885 they had expanded at least as far as the Adelaide

River to the west and the Liverpool River to the east

(Lindsay 1884 as reported in Letts et al. 1979, Ridpath

1991). In the Alligator Rivers Region, buffalo were

abundant around the East Alligator River by 1885, and

were present but scarce around the South Alligator

River (Fig. 1). Paddy Cahill, a famous early settler in the

ARR, hunted buffalo around Kapalga, near the mouth

of the South Alligator River by 1899, and likely 1895.

He indicated that buffalo were common, if not

abundant, near the South Alligator at this time

(Mulvaney 2004).

The expanding feral buffalo population became an

economic resource for the Top End with the rise in

demand for buffalo hides for use as belting in industrial

machinery. Hide hunting began in the 1880s, but did not

gain momentum until the turn of the century, both from

increased demand overseas and, locally, the introduction

of a more efficient means of horseback shooting

(McKnight 1976). In 1900, 1645 hides were exported

from the Northern Territory (Northern Territory of

Australia Office of the Government Resident 1901), and

exports climbed rapidly thereafter. Hide exports for the

Northern Territory generally remained above 5000 per

annum from the early 1900s and remained high for over

half a century. So important were buffalo to the

economy that in 1920 the Northern Territory’s acting

administrator recommended protecting buffalo as they

were ‘‘fast becoming extinct on the mainland’’ (Parlia-

ment of the Commonwealth of Australia 1921). How-

ever buffalo hide exports continued to climb unabated

after 1920 with no discernable impact on populations.

McKnight (1976) suggested that, contrary to adminis-

trative concerns, market demand, and not population

fluctuations, drove buffalo exports.

The hide industry collapsed in 1956 soon after

synthetic materials replaced buffalo leather for indus-

trial belting. In the space of a year, hide exports in the

Northern Territory dropped from 5663 to 100 hides

(McKnight 1976). After a brief hiatus, exports again

increased, and harvests in the 1960s and 1970s well

exceeded those of the hide era (Fig. 3). This was due

both to local demand for buffalo for meat and pet food,

and an initiative of the Northern Territory Agricultural

and Animal Industry Branch to redevelop buffalo as a

viable economic resource for the Top End (Northern

Territory Administration Animal Industry Branch

1961). Reported buffalo take in the Northern Territory

rose from under 300 in 1959 to 3077 in 1962 to over

13 000 by 1967 (Department of Territories 1959,

Northern Territory Administration Animal Industry

Branch 1962, 1967; Fig. 3) although these estimates

are likely conservative, given the largely unregulated

trade in pet meat in the 1960s (Ridpath 1991). In 1961,

the Northern Territory Animal Industry Branch report-

ed that ‘‘the value of production from buffaloes was

greater than since 1955, and the buffaloes killed were

more fully utilized than ever before’’ (Northern Terri-

tory Administration Animal Industry Branch 1961). In

1972 buffalo removal for commercial purposes had

peaked at approximately 30 000 head.

Despite increasing rates of buffalo harvest, the aerial

photographic record, anecdotal accounts, and govern-

ment reports indicate that buffalo densities were

increasing rapidly from 1960 to 1980 (Fig. 3), with peak

densities reached throughout the region. Under ideal

conditions of high dry season rainfall, abundant surface

water, and no hunting pressure, buffalo populations

have the capacity to increase exponentially to the

carrying capacity of the environment within approxi-

mately two decades (Freeland and Boulton 1990, Skeat

1990, Skeat et al. 1996). In good rainfall years, harvest

rates must approach 10% to have a chance of reducing

buffalo populations within a reasonable time (Freeland

and Boulton 1990, Boulton and Freeland 1991). Al-

though no accurate regional counts of buffalo were made

until 1981 (Ridpath 1991), several lines of evidence

indicate that buffalo had reached carrying capacity

before then. In general, population numbers increased,

with some declines principally due to natural mortality

from reduced landscape carrying capacity during years of

low or late wet season rainfall. Tulloch (1968) estimated

that over 20 000 buffalo died of starvation in ‘‘bog holes’’

due to late rains in 1965. D. Lindner (personal

communication) recalled a similar event killing large

numbers of buffalo in 1972. Nevertheless, by 1981 the

Northern Territory buffalo population had clearly

FIG. 3. Reported number of buffalo taken for both
domestic consumption and export, by year. Data for relevant
years are derived from The Northern Territory Reports 1949–
1953, 1953–1955, 1955–1956, 1956–1957, 1958–1959, 1967–
1968, 1970–1971, 1971–1972; The Northern Territory Agricul-
tural Branch Annual Reports 1959–1960, 1962–1963; The
Northern Territory Animal Industry Branch Annual Reports
1960–1961, 1961–1962, 1964–1965; The Northern Territory
Animal Industry and Agriculture Branch Annual Report 1966–
1967; The Northern Territory Primary Industry Branch Annual
Report 1966–1968; The Northern Territory Department of
Primary Production Annual Reports 1979–1980, 1980–1981,
1981–1982; and minutes from the Buffalo Producers’ Council
18 November 1987 (NT Archives NTRS 669/P1). Values for
1969–1971 are estimates from the value of buffalo exported;
head counts are not supplied. Values for 1974 and 1978 are
derived from Letts et al. (1979). Values for 1975–1977 are from
Ridpath (1991) using data derived from Letts et al. (1979).
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rebounded, and an aerial survey by Graham et al. (1982)

estimated the Northern Territory buffalo population at
280 000, slightly higher than Letts’ (1964) estimate of

150 000–200 000 buffalo within the lowland sub-coastal
plains immediately after the collapse of the hide industry.

Despite their exploitation for economic gain, buffalo
had expanded in less than 150 years from an isolated

population of fewer than 100 individuals to become the
most abundant large grazing and browsing mammal
across the coastal plains of the Top End (Bayliss and

Yeomans 1989), and a significant environmental concern
(Letts et al. 1979). It took the concerted effort of a large-

scale government campaign to reduce buffalo numbers
to the point that they were no longer a visible

environmental force in the Alligator Rivers Region.

Eradication campaign and rapid decline

Buffalo eradication began as a means of enabling the

certification of Top End beef for export by controlling
tuberculosis and brucellosis infection rates among

domestic cattle (Letts et al. 1979). A Board of Inquiry
was established in 1970 and determined that feral

animals, particularly buffalo, were a major source of
concern for the cross infection of domestic bovine herds.

The Brucellosis and Tuberculosis Eradication Campaign
(BTEC) began with the mustering of live animals and
then ground shooting of the densest feral buffalo herds

on the northernmost floodplains in 1980. By 1987,
buffalo density in KNP had been reduced to fewer than

1 buffalo/km2 (Skeat et al. 1996), and eradication efforts
turned toward the last remaining populations of buffalo,

located in the isolated rain forest pockets and ravines of
the rugged Arnhem Land plateau. In 1989, KNP turned

to helicopter eradication to remove any remnant
populations. By the completion of the campaign in

1992, the buffalo population had been reduced to fewer
than 0.01 buffalo/km2 (Robinson and Whitehead 2003),

although parts of neighboring Arnhem Land retained
substantial populations of buffalo (P. Bayliss, unpub-

lished data).
BTEC was a remarkable success in eradicating feral

buffalo from KNP and the Top End at large, but
remains highly controversial to this day, particularly

among both tour operators and Aboriginal communities
(Lucas and Russell-Smith 1993, Robinson and White-

head 2003, Robinson 2005), who have seen the
campaign as a threat to their livelihoods. With the
exception of a few domestic herds, most remnant buffalo

populations have been left largely unchecked since
BTEC, and they are again expanding in KNP, partic-

ularly within the southern sector as buffalo immigrate
from Arnhem Land.

THE HISTORICAL ECOLOGY OF BUFFALO

IN KAKADU NATIONAL PARK

Introduction and dispersal within KNP

As elsewhere in the Top End, the closest and best

habitats for buffalo in the Alligator Rivers Region were

along the northern coastal plains, and this was also the

first point of contact between hide hunters and buffalo.

Explorers’ records indicate buffalo herds were in the

northern sector of KNP by the late nineteenth century.

By the early 20th century, this sector supported a

thriving buffalo hide industry. Traces of buffalo tracks

and wallows are abundant in 1950 aerial photos of

northern reaches of the Mary River, a river system

comparable to the South Alligator River, but some 100

km to the west (Stocker 1972, Petty et al. 2005).

Movement of breeding herds southward probably did

not occur until buffalo had expanded to relatively high

population densities in the north. Not only were

southern areas less suitable, but individual buffaloes,

particularly cows and calves, typically have restricted

ranges and outward dispersal of breeding herds can be

relatively slow (Tulloch 1978). Indeed, our visual

inspection of the aerial photographs of the floodplains

of the central sector of KNP shows little evidence of

buffalo tracks and wallows in 1950, although they are

abundant there, and in the southern sector, by 1964.

The anomalies in population dynamics of buffalo

herds across the three sectors are correlated to both

habitat quality and human activity. Although the area of

habitat most suited to buffalo is most extensive in the

north and decreasing southerly through KNP, a history

of abattoirs in the northern sector and a conservation

reserve in the central sector acted to reduce local

population numbers. By contrast, dispersal into the

southern sector occurred quite late, but buffalo numbers

were left relatively unchecked.

Northern sector

The vegetation and topography of the north coastal

sector are ideal for buffalo as the woodlands on the

lateritic ridges of floodplain margins provide camping

and resting habitat for groups of cows and juveniles, as

well as access to fodder during the end of the dry season

and during peak floods, when food resources are scarce

on the floodplains (Tulloch 1969, 1970, 1978).

Before 1960, buffalo hides were intensively hunted on

both sides of the South Alligator River, although the

western side was arguably better known as the site of

Kapalga, the hunting lease of the famed buffalo hunter

Tom Cole (Cole 1988). After the collapse of the hide

industry, the western sector saw little buffalo manage-

ment apart from informal hunting for pet meat and

domestic consumption. By contrast, on the eastern

section, three abattoirs were developed in the 1960s, at

Mudginberri, Cannon Hill, and Munmarlary (Fig. 2a).

At their peak, these abattoirs processed over 50% of the

Northern Territory’s buffalo meat (Northern Territory

Administration Animal Industry and Agriculture

Branch 1967). The last of the abattoirs, at Mudginberri,

was closed in 1987.

By the early 1980s the northwest had the highest

population densities of buffalo in the whole Alligator

Rivers region, as high as 34 buffalo/km2 on the South
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Alligator River floodplains at Kapalga (Ridpath et al.

1983, Ridpath 1991; Fig. 4). In aerial counts taken in

1985, Bayliss and Yeomans (1989) reported population

densities that were 5–10 buffalo/km2 for the west, and

0.1–5 buffalo/km2 in the east, although both sides had

localized regions with much higher population densities.

Within the Alligator Rivers region, the tuberculosis

infection rate among buffalo was highest in the northern

sector, and this sector received early and sustained

attention from the BTEC campaign (Robinson and

Whitehead 2003). This caused a precipitous drop in

buffalo numbers (Fig. 4). In 1983, the population

averaged 4.3 buffalo/km2 across both east and west

portions of the northern sector, but by 1988 the

population density had dropped to fewer than 1 km�2

(Skeat 1990, Robinson and Whitehead 2003).

Central sector

Overall, buffalo never attained the levels seen in the

northern sector (Fig. 4). However in the freshwater

floodplains of the central sector buffalo were as

numerous, and their impact as extensive, as in the larger

northern sector.

The growing impact of buffalo on the floodplains of

the central sector was the subject of increasing concern

for the land managers and Aboriginal residents of the

Woolwonga Aboriginal Reserve (Fig. 2a), established in

1936 as the first protected area in the ARR and in 1964

designated a conservation reserve (Lucas and Russell-

Smith 1993). Yorky Bill Alderson, a famed buffalo

hunter who was raised in the ARR, also attested to the

impact of buffalo in the Jim Jim Creek area: ‘‘The Wet is

all right for them [buffalo], but in the Long Dry every

year, from May to October and sometimes November,

they must reckon they’re in the wrong country, too.

They’re a damn pest, a menace. When I was a boy the

Jim Jim was much better country than it is now; cattle

won’t graze with buffs, and they’ve destroyed hundreds

of miles of it.’’ (from Lockwood 1979:49–50).

In 1974, reserve managers instituted a program of

buffalo removal both in the reserve and in neighboring

areas (Letts et al. 1979). Dave Lindner, who was

employed on the reserve at the time of the program,

estimated that 90% of the buffalo were eradicated from

floodplains, and that this action created a marked return

of grasses that had previously been grazed out from

these areas (Petty et al. 2005; D. Lindner, personal

communication). The decline in numbers of buffalo

during this culling action is reflected in the aerial

photographic record of the area. By 1984, tidal channels

damaged by buffalo showed signs of self-repairing, a

date too early to be a result of the later BTEC reductions

(Fig. 5a). In contrast, on the western side of the South

Alligator River, vegetation seemed to have suffered

heavier damage from buffalo than the east side (Fig. 5b).

As in the northern sector, the differences in environ-

mental impact on the two sides of the South Alligator

River are consistent with the history of the sector, as

there were no extensive buffalo hunting activities, either

for culling or trade, on the western side.

Also like the northern sector, virtually all wild stocks

of buffalo were eradicated by BTEC. However, in 1993 a

local Aboriginal corporation set up a domesticated herd

of some 350 buffalo as a source of buffalo meat for local

Aboriginal communities. Today, this buffalo farm

manages a herd that varies between 600 and 1000 head

within fenced 12 000 ha. It provides valuable informa-

tion on the impact of buffalo on vegetation as well as

FIG. 4. Estimated buffalo population numbers in the Alligator Rivers Region (ARR). A single dagger (�) indicates data
inferred from population estimates of the ARR in published sources or from oral history. Data points marked with a double dagger
(�) are population estimates obtained directly from published sources. Other data are inferred estimates from remarks and reports
on buffalo in historical written records and oral history. Data are derived from Carrington (1885), Letts (1964), Stocker (1972),
Christian and Aldrick (1977), Letts et al. (1979), Cole (1988), Skeat (1990), Ridpath (1991), Robinson and Whitehead (2003),
Mulvaney (2004), T. Hill (personal communication), and A. Fisher (personal communication).
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best management practices in controlled herds in these

types of landscapes (Riley 2005).

Southern sector

The numerous perennial and seasonal creeks of both

the plateau and lowlands of this sector provide suitable,

if not ideal, habitat for buffalo. Data on the sector are

sparse, but anecdotal accounts indicate that buffalo did

attain high population densities locally, particularly in

the lowland woodland savannas to the west of the

escarpment (T. Hill and A. Fisher, personal communica-

tion) The ruggedness and isolation of the plateau

provided buffalo a refuge from hunters and they likely

achieved carrying capacity rather quickly once they had

dispersed into the area (Fig. 4).

Historically, cattle were the focus of economic activity

in the sector, and the closest abattoir, Mary River,

located just outside the present day boundary of KNP,

ran a small operation that never approached the

processing rates achieved at the abattoirs to the north

(Northern Territory Administration Animal Industry

and Agriculture Branch 1967). Alan Fisher worked as a

musterer for both pastoral properties prior to their

incorporation into KNP, and was retained to de-stock

the properties when they were acquired by the park. He

witnessed buffalo becoming increasingly common

throughout the 1980s: ‘‘Back in the old days [late

1970], we’d go out in the dry season to bring in over

three-year bulls for Mary River. It took a while for us to

find some. A few years later it wasn’t uncommon to find

a few small groups. Then, later, we’d see hundreds of

them’’ (A. Fisher, personal communication).

When the BTEC campaign turned its attention to the

southern end of the park in 1987, unexpectedly high

numbers of buffalo were found. Their numbers made

buffalo too valuable of an economic resource and the

strategy turned from helicopter shooting on site to

helicopter mustering for shipping to an abattoir (T. Hill,

personal communication). In the space of three years,

Alan Fisher (personal communication) estimates that

over 45 000 buffalo were removed from this sector.

Other reports indicate the population density dropped

from over 10 buffalo/km2 to fewer than 1 buffalo/km2

from 1986 to 1991 (Skeat 1990, Robinson and White-

head 2003).

The plateau region of western Arnhem Land, which

abuts the eastern side of the southern sector, never

received much attention during the BTEC campaign as

brucellosis and tuberculosis infection rates were very

low, and there was little motivation to shoot buffalo on

Aboriginal freehold land. A. Fisher (personal communi-

cation), found it difficult to meet the BTEC destocking

quota because of continual migration of buffalo into

KNP from Arnhem Land. Today this region remains a

major source of buffalo migration into KNP, particu-

larly in the southeastern corner, which has the highest

densities of buffalo in KNP today (R. Muller and P.

Bayliss, personal communication).

FIG. 5. Buffalo impact on floodplain vegetation and
channels. All data were derived from 1950, 1964, 1975, and
1983–1984 orthorectified aerial photomosaics of the South
Alligator River floodplains in the central sector of Kakadu
National Park (KNP). (a) Linear channel change rate was
calculated as the difference in total channel length between time
periods for all channels that were absent in the earlier photo
(formed) and for all channels that were absent in the more
recent photo (disappeared). Data are from Petty et al. (2005).
(b) Woody vegetation cover was calculated from two different
studies of geostationary points spaced across the South
Alligator Floodplain in the central sector. The arrows illustrate
the initiation points of the two ecological cascades. Data are
from Riley (2005) and J. Freeman (unpublished data). (c) Log-
transformed rate of channel formation (measured as m/yr)
compared with percentage of geostationary points where aerial
photos showed visual signs of buffalo impact (tracks and
wallows). Data are from Petty et al. (2005) and J. Freeman
(unpublished data).
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ECOLOGICAL IMPACTS OF BUFFALO

Most of the research on the ecological impact of
buffalo has focused on wetland environments, with little

attention to the impact on habitats such as woodland
savanna and rain forests. Further, the substantial

anecdotal and photographic evidence of the dramatic
effects of buffalo on the landscape were almost entirely

confined to the floodplains, seasonally inundated
fringing lands, and other riparian areas where buffalo

impact was most visible and human–buffalo coexistence
was closest. Here, we consider the impact of buffalo

expansion and decline in three major habitat types:
floodplains, monsoon rain forests, and savanna wood-

lands.
Given that the three sectors of KNP are made up of

different relative areas of these three major habitat
types, one would expect that the overall impact per

sector would be quite different. Further, given the
general north to south gradient in buffalo numbers (Fig.

4), one might assume a greater ecological impact in the
northern sectors of KNP. However, the differences in

both the resilience of the various habitats and the
carrying capacity across the north–south gradient must
be taken into consideration, with any impact of numbers

scaled relative to the capacity of the land to produce
green biomass.

We posit that lower rainfall and lower plant
productivity in the southern sector of the park, as well

as long-sustained buffalo populations at or near
carrying capacity, historically produced as great an

ecological impact in the southern sector as in the
northern sector. The evidence of impact in the north is

well recorded, whereas the record of environmental
impacts in the south is limited to aerial photography,

which shows no change in woody cover. However, aerial
photography says nothing of the condition of understo-

ry vegetation, which surely changed with buffalo
grazing. The situation is also confounded by the impact

of other feral animals, including cattle and horses,
which, in the southern sector, reached numbers as high

as buffalo in some places (A. Fisher, personal commu-
nication). Nevertheless, A. Fisher (personal communica-
tion) recalls that most visible environmental damage on

the plateau was restricted to riparian corridors and other
areas of dense canopy cover that were the preferred

habitat of buffalo. Skeat et al. (1996) and East (1990)
reported extremely high sediment loads in the South

Alligator catchment along the Arnhem Land plateau
which they attributed to buffalo activity. Similarly,

buffalo were implicated in increased fire damage within
the monsoon rain forests that line the gullies of the

plateau of the southern sector (Russell-Smith 1984).

Floodplains

Several broad surveys of floodplains were produced

during the period of peak buffalo impact, especially
concentrating on lowland seasonally flooded black clay

plains, and perennial billabongs, where buffalo numbers

were generally very high and soils typically highly

erodible (Fogarty 1982, Graetz 1989, East 1990). The

South Alligator River floodplains and the Cooinda/Jim

Jim flood basin, formed over silty and sandy alluvium,

are particularly susceptible to erosion and degradation,

whereas the East Alligator and West Alligator River

floodplains, located over sand and clay–sand soils, were

much less severely degraded (Graetz 1989, East 1990). It

is from heavily grazed wetlands such as these that we

have the most information about the ecological impacts

of buffalo (Stocker 1972, Letts et al. 1979, Fogarty 1982,

O’Neill and Matthews 1983, Friend and Taylor 1984,

Taylor and Friend 1984, Graetz 1989, Corbett and

Hertog 1996), including more recent reviews of broad

scale buffalo impact on floodplains produced after the

BTEC era (Skeat et al. 1996, Finlayson et al. 1997).

Lucas and Russell-Smith (1993) provide a comprehen-

sive report of anecdotal accounts of buffalo impact on

floodplains and riparian communities. Further docu-

mentation is available from the results of a landscape-

scale exclusion experiment from 1981–1989 at Kapalga

(Ridpath and Waithman 1988, Werner 2005) as well as

surveys of vegetation and channel changes in the central

sector using aerial photographs (Petty et al. 2005, Riley

2005).

A 1919 description of the floodplains at Cannon Hill

near the East Alligator River describes ‘‘wonderful

grassy plains’’ covered with ‘‘beautiful green, water

couch grass’’ (Warburton 1944), whereas in the dry

season of 1979, the same flood basin was black clay

heavily pug marked from buffalo activities and almost

completely bare of vegetation (Skeat et al. 1996). Paddy

Cahill describes crossing the tidal head of the South

Alligator River on horseback in 1901 at a location that

is today scoured by a deep tidal channel (Mulvaney

2004). Grasses such as Hymanachne acutigluma (Steud.)

Gilliland and Phragmites vallatoria (Pluk ex L.) Veld-

kamp were apparently common across the area prior to

the explosion in buffalo numbers between 1960 and

1980. Lewis (1922) describes stands of ‘‘reeds’’ (likely

Phragmites) from which he constructed a raft while

trying to cross the East Alligator in 1887. In 1946,

Christian and Stewart (1953) described grasses as very

abundant on the coastal plains, including Hymenachne

acutigluma at Cannon Hill, but by 1972–1973, Story

(1976) found that grasses were very scarce in the same

estuarine alluvium, noting the great change over the

previous 26 years. More recent recollections of Aborig-

inal residents in KNP recall widespread stands of

Phragmites from which they made spears (O’Neill and

Matthews 1983). By 1996, Hymenachne was completely

absent from Cannon Hill, and Phragmites was virtually

absent from both Cannon Hill and the South Alligator

flood plain (Skeat et al. 1996).

First cascade: buffalo population eruption.—Most

documented observations of the direct buffalo impact

on the floodplain surface come from scientific reports

during the 1960s through 1980s, and are well summa-
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rized by Skeat et al. (1996). These impacts, including

wallowing, track and pad formation, and compression

of soils, resulted in the siltation of streams, increased

turbidity and eutrophication of water bodies, reduced

vegetation and pedestal, rill and gully erosion (Skeat

1990). Buffalo also impacted hydrology directly by

creating small channels and depressions which were

further deepened by wet season runoff, and increasing

sheet erosion from decreased water-retention capacity in

compacted soils (Noble and Tongway 1986, Skeat et al.

1996).

However, the largest landscape-scale buffalo impact

in the Alligator Rivers Region was mediated through

grazing and its impact on standing plant biomass, both

green and litter. At the high population densities seen in

the South Alligator River floodplains, buffalo removed

most of the surface vegetation, starting with freshwater

perennial grasses, including Hymenachne and Phrag-

mites, then turning to the less palatable but more

abundant Paspalum distichum L., a salt-tolerant grass

which stabilizes tidal levees and is key in preventing the

formation of saltwater bearing channels (Petty et al.

2005).

Channel formation rates were correlated with signs of

buffalo impact on the South Alligator floodplain (Fig.

5c). The denuded floodplain surface was scoured by

freshwater draining off the floodplains at the end of the

wet season. This created channels that connected

freshwater floodplains directly to tide-bearing channels.

These channels directly and substantially impacted

floodplain ecology by permitting the influx of tidal

water to regions of salt-intolerant vegetation, and

permitting early drainage of impounded freshwater,

thus leading to early drying of floodplains in the dry

season (Finlayson et al. 1997), and increased subsoil

salinity (Stocker 1972). High sediment loads carried by

incoming tides also filled in permanent freshwater lakes

as has occurred on at least two occasions on the South

Alligator River floodplain (Petty et al. 2005). The aerial

photographic record of the floodplains of the East

Alligator and South Alligator Rivers indicates severe

and widespread vegetation loss, buffalo tracks, and a

marked increase in channel formation after 1950

(Heerdegen and Hill 1999, Petty et al. 2005).

From 1950 to 1975, there was a general decline in

woody vegetation on the central floodplains: a notable

exception being the eastern side of the South Alligator

River where there was more active buffalo management

(Fig. 5b). Data on the direct impact of buffalo on woody

vegetation of the floodplains has not been reported,

although there are numerous photographic records (e.g.,

Fig. 6; Letts et al. 1979), as well as reports of buffalo

eating the seedlings and saplings of the shrub Cath-

ormion umbellatum (Vahl) Kosterm (Lucas and Russell-

Smith 1993). Similarly, contrasting aerial photographs

inside and outside of the current buffalo farm (central

sector) show a marked decline in woody vegetation

inside the boundary of the farm where buffalo graze

(Riley 2005; Fig. 6a). In every case, photographic

records and other studies show a negative relationship

between woody vegetation and buffalo grazing.

The capacity of buffalo to browse and otherwise

inhibit the growth of woody vegetation on floodplains

contrasts with widely reported cattle mediated woody

thickening, including recent findings in the Victoria

River District (VRD), approximately 400 km southeast

of the Alligator Rivers Region (Sharp and Whittaker

2003). On both the VRD and KNP, grazing significantly

reduced fuel loads. On the VRD, however, woody cover

in seasonally-inundated pastures increased with cattle

grazing due primarily to the growth of Eucalyptus

microtheca F. Muell. and Exoecaria parvifolia Muell.

Arg. On the South Alligator River, where those species

are absent but Melaleuca spp., as well as several shrubs

FIG. 6. These photographs highlight differences in floodplain woody vegetation cover in buffalo-impacted and non-impacted
regions, separated by fence lines. (a) A 2004 aerial photograph with a highlighted fence line diagonal across the image. The fence
separates the buffalo farm in central Kakadu National Park (KNP; right) from KNP proper, which at present has very low buffalo
numbers (photo courtesy of KNP). (b) A ground photograph taken at Kapalga in 1984 contrasting a buffalo-excluded area (right)
from an area with buffalo (photo by Don Tulloch).
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(Cathormion umbellatum, Barringtonia acutangula (L.)

Gaertn., and Strychnos lucida R. Br.) are prominent,

woody thickening did not occur. Instead, in the South

Alligator floodplains all vegetation decreased with

buffalo grazing.

As elsewhere in KNP, the ecological impact of buffalo

interacted strongly with fire. Prior to European settle-

ment, these floodplains were a rich resource for

Aboriginal people who would have burnt the floodplains

extensively (Jones 1980, Haynes 1985, Meehan 1991,

Lucas and Russell-Smith 1993). The arrival of buffalo in

the region coincided with European settlement and

Aboriginal depopulation and hence a decrease in both

human sources of ignition and fuel loads. During the

peak buffalo period ‘‘burning in many floodplain

situations was no longer practicable’’ (Lucas and

Russell-Smith 1993). However, once buffalo were

removed, traditional fire regimes were not resumed on

the depopulated floodplain.

There is little from the literature to inform us on the

impact of buffalo on native floodplain fauna. Reports of

long term Aboriginal and European residents of the area

indicate that Magpie Geese (Anseranas semipalmata

Latham) numbers declined in the South Alligator

floodplains during the buffalo era (Frith and Davies

1961, Tulloch and McKean 1983, Lucas and Russell-

Smith 1993), due in part to widespread habitat

destruction from buffalo grazing and wallowing (Cor-

bett and Hertog 1996) and saltwater intrusion onto

freshwater floodplains (Petty et al. 2005). The dusky rat

(Rattus colletti Thomas) and other small vertebrates

appear to be negatively impacted by buffalo, mainly

through reduced vegetation cover at high buffalo

densities (Friend et al. 1988).

Second cascade: buffalo eradication.—The hydrology

of the floodplains appears to have largely recovered

from the era of peak buffalo impact. Following buffalo

removal in the region of the Woolwonga reserve in the

1970s, infilling by tidal sediment caused a marked

contraction in channels within the South Alligator

floodplain (Fig. 5a). Tidal sediments were stabilized by

the re-establishment of freshwater and saltwater grasses

across the floodplain, with the exception of Phragmites,

which has yet to re-establish (Petty et al. 2005).

The total biomass of both herbaceous and woody

vegetation on the floodplains increased with the removal

of buffalo grazing (Petty et al. 2005; Fig. 5b). Relative

abundances of herbaceous species also shifted very

rapidly (Minchin and Dunlop 1989). For example, on

the South Alligator floodplain in the northern sector, the

grass Hymenachne acutigluma increased from 1984 to

1988, which in turn increasingly displaced the deep

water spike-rush Eleocharis dulcis (Burm.f.) Trin. ex

Hensch (Corbett and Hertog 1996). This result is

comparable to the marked increase in total biomass

and the relative increase in Paspalum distichum over

grazing tolerant perennial herbs when Asian buffalo

were removed from Keoladeo National Park in India

(Vandervalk et al. 1993).

However, further changes in relative species abun-

dances, especially among woody plants, were most likely

confounded by the fire regime that followed buffalo

removal (Table 1). Although fuel loads increased

rapidly, historical fire regimes were not restored due to

the fact that the original ignition source (independent

bands of humans) was not replaced. Because of the

greater availability of fuel, fires did become more

extensive after buffalo were removed (Russell-Smith et

al. 1997). Gill et al. (2000) reported a gradual increase in

area burnt on floodplains from 5 million ha in 1980 to

approximately 9 million ha in 1992. Nevertheless, fires

were not frequent enough to prevent reestablishment of

floodplain shrubs (principally Barringtonia acutangula,

Cathormion umbellatum, and Strychnos lucida). These

shrubs increased sharply in aerial cover and now exceed

that found before the buffalo population eruption (Fig.

5b). We postulate that the subsequent change in fire

regime, from traditional aboriginal fires to park-

management fires, has also played a role in any

expansion of woody vegetation on the KNP floodplains

once buffalo were removed.

Upon removal of buffalo, the nests of Magpie Geese

shifted toward deep water areas at the edge of the

floodplains (Corbett and Hertog 1996) and the numbers

of the native dusky rat increased (Skeat et al. 1996).

Feral pig populations increased at least 3-fold across the

region, due to release from competition with buffalo

(Corbett 1995). In general, the removal of buffalo on the

Kapalga floodplains initiated a cascade of events (Table

1) with detectible changes in vegetation within one year,

in small herbivores within two years, and in small

predators within three years (J. A. Taylor et al., personal

communication).

Monsoon rain forests

Monsoon rain forests are evergreen, closed-canopy

forests; non-Eucalypt, fire-sensitive species are the

dominant woody species (Bowman 2000). In the

Alligator Rivers region, they occur as an archipelago

of hundreds of small fragmented patches and as such are

particularly vulnerable to disturbance (Russell-Smith

and Dunlop 1987, Bowman 2000). Buffalo frequently

rest and camp in these densely wooded, closed-canopy

areas, often as preferred habitat (Tulloch 1978, Taylor

and Friend 1984), and so their density in monsoon rain

forest can be much higher than that of the surrounding

landscape (Ridpath 1991). Ecological impacts ranged

from severe to relatively undisturbed, varying from

patch to patch depending upon the landscape setting,

but always correlated to buffalo densities.

Although research on the mechanisms of buffalo

impacts on monsoon rain forests is sparse, within the

patches of monsoon rain forest themselves most of the

impact appears to be due to the direct effects of buffalo

activity: soil and root compaction, browsing, wallowing
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and physical destruction of vegetation (Braithwaite et al.

1984, Russell-Smith and Dunlop 1987, Russell-Smith

and Bowman 1992; Table 1). Russell-Smith (1984)

showed that in sandstone terrain, only those rain forest

sites associated with springs or streamline habitats were

seriously affected by buffalo, while in the lowlands,

impact was widespread. The general pattern of impact in

the sandstone springs was destruction of margin

vegetation by wallowing, and erosion leading to tree

death. In lowland habitat types, Russell-Smith (1984)

found that the most obvious impact was the elimination

of the lower strata of woody plants as well as the death

of canopy trees. This is consistent with the impacts

recorded by Braithwaite et al. (1984), who sampled 30

monsoon rain forest patches in KNP and compared sites

with varying intensity of use by buffalo. They concluded

that buffalo had a fundamental impact on vegetation

structure and composition, including reduced lower

canopy cover, and postulated that soil compaction by

buffalo caused the death of large trees by hindering

groundwater recharge. The density of vegetation under 3

m height was negatively related to buffalo density in the

dry season although weedy annual species, particularly

Hyptis suaveolens (L.) Poit. (see Plate 1) and Cassia spp.,

increased with buffalo presence (Braithwaite et al. 1984,

Cowie and Werner 1993).

Secondary effects of the type found in floodplains or

savanna woodlands have not been examined other than

those related to fire. Changes in fuel loads at the

periphery of rain forests, due to buffalo grazing and

wallowing, in turn affect fire regimes. Any changes in

peripheral fire regime can affect the boundaries of the

monsoon rain forest patches and/or penetrate into the

interior of the forest; there are examples of both

increases and decreases of patch sizes.

Although there has been some localized contraction

due to buffalo impact and introduced weeds, overall

there is clear evidence from aerial photography that

most patches of monsoon rain forest have expanded in

Kakadu National Park (Banfai and Bowman 2006).

Reduced fire frequency surrounding monsoon rain

forest patches has been implicated as a major cause of

monsoon forest expansion elsewhere (Hopkins 1992,

Swaine et al. 1992, King et al. 1997, Bowman et al.

2001). Although buffalo may have played a role in this

recent expansion, it is unlikely that they were the

primary and/or only driver as there was little evidence

of a change in the rate of expansion during the peak

period of buffalo populations in the 1970s, or following

the dramatic reduction in buffalo numbers in the 1980s

(Banfai and Bowman 2006).

The apparent contradictory nature of buffalo impact

on monsoon rain forests can be partially resolved by

separating their impact on forest interiors (mediated by

behaviors such as grazing and trampling) from forest

boundaries (mediated by their indirect impact on fire

regimes). Buffalo appear to contribute substantially to

the structural decline of forest interiors through grazing,

trampling, and acting as weed vectors. On forest

boundaries their impact is more mixed. Buffalo promote

the expansion of monsoon rain forest boundaries by

reducing fuel loads outside of monsoon rain forests and

TABLE 1. Summary of impacts of the two buffalo-mediated cascades on floodplain, rain forest, and woodland vegetation types.

Location and
component Cascade 1: 1960–1985 Cascade 2: 1985–present

Floodplain

Driver Increased grazing pressure on grasses. Trampling and
compaction of soils and physical damage to woody
vegetation.

Increased fuel loads with release from grazing
pressure, but decreased ignition due to human
depopulation.

Principal effects Decreased woody and grass cover. Rapid increase in
saltwater bearing channels. Loss of some
freshwater vegetation communities, siltation of
some ponds.

Increase in woody cover. Grass cover largely
restored although not some species (e.g.,
Phragmites karka). Channels restabilized.

Rain forest

Driver Trampling and compaction of soils. Grazing pressure
on grasses at rain forest boundary.

Increased fuel loads are managed by protective
burning at rain forest margins.

Principal effects Understory cover reduced in interior. Increased
invasion by native and exotic herbs at rain forest
boundary and interior. Reduction of grass fuels at
forest boundary may have caused expansion of
forest edge due to reduced fire intensity.

Apart from exotic weed legacy, buffalo removal is
unlikely to have had significant impact on
continued rain forest expansion.

Woodland

Driver Increased grazing pressure on grasses and, to a lesser
degree, woody juveniles.

Release of ground vegetation, particularly
annuals initially, with perennials coming later.
High fire frequency promotes annual sorghum.

Principal effects Decreased total ground vegetation and a shift to
annuals. Reduced intraspecific competition and
lower fuel loads result in increased growth and
lower mortality in woody species.

Increased competition with understory reduces
growth and survival of woody plants. More
frequent and intense fires lead to increased
mortality in juvenile woody species.

Note: Cascade 1 corresponds to rapid buffalo population increase, while cascade 2 follows the elimination of buffalo through a
deliberate eradication campaign.
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hence the severity of fires which might impact on rain

forest boundaries. At the same time, buffalo also

promote rain forest contraction by allowing grass

establishment and weed invasion in gaps (as more

canopy trees die with buffalo present) and creating

buffalo thoroughfares through the vegetation, both of

which permit greater fire penetration into the interior of

rain forest patches. Such ‘‘fire tongues’’ along buffalo

tracks have been observed at several sites in KNP

(Russell-Smith 1984).

The long-term legacy of the buffalo era seems to be

increased weed populations along rain forest margins.

Otherwise, there is no known evidence of a ‘‘second

cascade’’ phenomenon within monsoon rain forests.

Savanna woodlands and open forest

Eucalypt-dominated woodland and open forest cover

over 60% of the Alligator Rivers Region (ARR) (Wilson

et al. 1996; Fig. 2b). Unfortunately, little has been

published on the impact of introduced buffalo on the

drier upland woodlands, despite clear evidence that

buffalo used these areas extensively and floodplains and

woodlands are intricately tied with regard to buffalo life

histories (Tulloch 1969, 1970, 1978, Tulloch and Cellier

1986, Werner 2005).

Buffalo are broad-spectrum grazers whose grazing

patterns are strongly determined by grass phenology,

not necessarily relative abundance or even nutrition

(Tulloch 1970, Tulloch and Cellier 1986). During the wet

season, when the flood plains are inundated, buffalo eat

underwater vegetation in the shallower areas, retreating

to the upland savanna woodlands for nurseries and

overnight camps and grazing of newly germinated

annual grasses in the woodlands. At the end of the wet

season, as the floodplains dry out, the newly exposed

sedges and grasses there become a major food source for

buffalo. In the latter part of the dry season when

floodplains are no longer lush, buffalo again rely heavily

on the savanna woodlands, although this time most of

the annuals are senescent, and buffalo graze perennial

grasses.

Given these daily and seasonal movements, popula-

tion densities of buffalo in woodlands would have

exceeded those on the floodplain at certain times of day

and seasons. In the early 1980s, at peak population

numbers, the mean density of buffalo in the woodlands

of the northern sector was estimated at 7 animals/km2 in

Munmarlary (Bowman et al. 1988) and a substantial 15

animals/km2 at the Kapalga Research Station (Ridpath

et al. 1983, Ridpath 1991).

Most of what is known about the impact of buffalo on

upland wooded savannas comes from two bodies of

research, which we integrate in this section:

1) A landscape scale field experiment from 1981 to

1989 conducted by CSIRO, wherein buffalo were

excluded from the southern half of the 700-km2 site at

Kapalga in the northern sector of KNP, and compar-

isons made with the northern half where buffalo

remained. Annual monitoring of flora and fauna yielded

insights on mechanisms of changes to savanna wood-

land ecosystems attributable to buffalo (Friend and

Taylor 1984, Taylor and Friend 1984, Werner 1986,

2005, Werner and Murphy 1987, Ridpath and Waith-

man 1988, Minchin and Dunlop 1989, Hodda 1992,

Corbett 1995, Corbett and Hertog 1996, Skeat et al.

1996, Werner et al. 2006).

2) Broad field surveys and analysis of aerial photo-

graphs of sites covering all sectors of KNP (Lehmann

2007). The aerial photographic analysis covered the

period from 1964 to 1984 (when buffalo numbers rapidly

increased) and from 1984 to 2004 (when buffalo

numbers rapidly decreased). Patterns of demography

and recruitment were also investigated by ground

surveys of vegetation on these same sites in 2003–2004

(Lehmann 2007).

First cascade: buffalo population eruption.—The only

direct evidence of vegetation changes in woodlands

during the period of rapid increase in buffalo densities is

FIG. 7. Trajectories of change in tree cover by
sector from 1964 to 2004. For comparison, the
northern sector is divided into west of the South
Alligator River (northwest SA) and east of the
South Alligator River (northeast SA). Error bars
indicate 6SE. The data are from Lehmann
(2007).
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the photographic record, where Lehmann (2007) com-

pared woody cover in 1964 and 1984. This shows a

general trend of increased woody cover, with some

differences among sectors of KNP (Fig. 7). Increases in

tree cover can be the result of increased recruitment of

new trees and/or the enlargement of established trees.

Insights into the degree that each of these and other

changes in the understory may be important, as well as

the mechanisms of these changes, have been gleaned

from experimental work in buffalo-absent and buffalo-

present plots during the second cascade.

In 1982, the frequency size distributions of tree

populations in Kapalga showed a bias toward middle

and large trees: in six study plots spread over a

topographic gradient, there were no trees ,5 cm

diameter breast height (dbh) and fewer juvenile trees

(,1.4 m height) and trees ,20 cm dbh than expected in

a stable population (Werner 1986). From size-specific

growth rates, it was estimated that there had been

almost no recruitment of juveniles into the sapling stage

for approximately 20 years prior to 1982: a time period

that coincides with the buffalo eruption (Werner and

Murphy 1987). Further, the results of a nine-year,

longitudinal study of individually marked trees showed

that both the growth and survival of established trees

were significantly enhanced in the presence of buffalo

(but no fire), but that recruitment into the canopy was

negligible (Werner 2005).

Experimental studies have shown that the direct effect

of buffalo on woodlands was to reduce herbaceous

vegetation (mainly grasses) which in turn enhanced the

growth and survival of established trees of all sizes

(Table 1). Competition for water among grasses,

juvenile plants and canopy trees is very strong in the

top 50 cm of the soil during the early dry season (Chen

et al. 2004). The dense herds of buffalo in woodlands at

Kapalga removed an estimated 2–6 Mg/ha of herba-

ceous biomass per year through grazing and trampling

(Fig. 8). In a six-year experimental study (1983–1988) of

marked juvenile (,1.4 m height) trees at Kapalga

juveniles grew significantly faster and had significantly

higher survival rates in the presence of buffalo (and no

fire), despite the fact that 10–12% of them showed signs

of mammalian herbivory, compared to only 0–1% where

buffalo had been removed (Werner et al. 2006).

Similarly, in a concurrent eight-year study (1982–1989)

of 750 marked established trees on the same site, all trees

had higher growth rates and lower mortality rates in the

presence of buffalo (no fire), and only the late season

fires affected them adversely (Werner 2005). Indeed, the

growth and survival of established adult and juvenile

trees have been enhanced by the removal of herbaceous

vegetation by a variety of means, including buffalo

grazing, experimental hand clipping, early dry season

fires (Werner 2005, Werner et al. 2006), and even poor

rainfall years (Prior et al. 2006).

In spite of the advantages in growth and survival of

established trees in the presence of buffalo, however,

there was a recruitment bottleneck where juvenile

eucalypts did not move into the sapling sizes (Werner

et al. 2006). The most likely explanation is that overstory

competition was sufficient to prevent juvenile Eucalypts

from moving into sapling stages (Fensham and Bowman

1992). Juvenile eucalypts are particularly susceptible to

water stress (Prior et al. 1997). Such was not the case for

species of mid-storey non-eucalypts, however, wherein

populations doubled to quadrupled from 1982 to 1990

where buffalo were present, but declined where buffalo

had been removed (Werner 2005). Fire was also

particularly damaging to juvenile trees where buffalo

had been removed, due to increased fuel loads (Fig. 9).

Using aerial photographs of wooded savanna in the

Kapalga section, in the western side of the northern sector,

Lehmann (2007) found that total tree cover increased

from 1964 to 1984, but then decreased thereafter (Fig. 7).

This is consistent with the demographic shift where the

lowered recruitment of juveniles to adults results in the

long-term decrease in the number of adults in the

overstory. By contrast, on the eastern side of the South

Alligator River (edaphically identical to the western side,

but with historically lower buffalo numbers), and in the

central sector of KNP, tree cover increased over the entire

period from 1964 to 2004 (Fig. 7).

In the southern sector, there has been no change in the

average woody cover over the past 40 years (Fig. 7),

although there has been dynamic change at local scales.

This is true despite clearly having buffalo densities

nearly as great as the central sector (Fig. 4) and evidence

of buffalo impact on soil erosion and understory

FIG. 8. Mean total ground-level biomass in paired plots of
woodland, with buffalo present (solid bars) and buffalo
removed (gray bars), on the ridge top, slope, and flat, at the
end of the growing season three years after buffalo were
removed, and without any intervening fires. Histogram bars
show means; error bars on means indicateþ2 SE. The figure is
from Werner (2005), used with permission.
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vegetation (East 1990, Skeat et al. 1996). Similarly,

Sharp and Bowman (2004) found little change in upland

savanna woodlands in cattle grazed areas of the Victoria

River District (VRD). Both the VRD and the southern

sector of KNP are xeric relative to the northern sector of

KNP (Fig. 2c). Rainfall in the southern sector lies close

to the annual water use requirements for Eucalyptus

woodland (Hutley et al. 2000), which, given the high

interannual variation in rainfall in the Top End, makes

the southern KNP savanna woodlands particularly

vulnerable to severe stress during dry years. Higgins et

al. (2000) have suggested that more xeric systems have

less capacity for large variance in the fire regime, and

correspondingly, for grazing impacts on fire regime. To

the extent that Higgins et al.’s (2000) suggestion holds

across small gradients (e.g., a difference of 250 mm/yr,

north to south, in KNP), it may be that in the southern

sector of KNP, rainfall plays a much larger role relative

to fire and/or grazing in defining tree/grass coexistence,

as has been found in other xeric savanna systems

(Sankaran et al. 2005).

Buffalo shifted the relative proportion of annual and

perennial herbaceous plants in favor of the former

(Minchin and Dunlop 1989; unpublished data discussed

in Skeat et al. 1996). This had significant consequences

once buffalo were removed from this system due mainly

to hysteresis effects of grasses, and hence fire regime.

Further, Hodda (1992), in a survey of termites in

Kapalga, found that the decrease in total herbaceous

vegetation and the relative shift to annual grasses

negatively affected ‘‘harvester’’ termites which preferen-

tially feed on perennial grasses. Conversely, the species

richness and abundance of termites that feed on the

wood of live trees or forage in wood litter (and on

buffalo dung) were positively correlated with buffalo

presence (Braithwaite et al. 1988, Hodda 1992).

Second cascade: buffalo eradication.—The second

ecological cascade was driven by an ecological ‘‘re-

bound’’ of the herbaceous vegetation (Werner 2005,

Werner et al. 2006): a temporary but very large increase

in primary production common during secondary

succession (Horn 1974). In Kapalga, biomass more than

doubled within three years (Fig. 8). In locations where

both buffalo and fire were removed from the system,

biomass increased several fold to a steady state in three

to six years (Cook 2003). Most of the large increase in

biomass was due to an immediate increase in annual

grasses. Only later did perennial grasses become a

significant part of the understory, through competitive

advantage, but only if an area was left unburned and

ungrazed for three to eight years or more. Perennial

grass cover increased the longer a site was left unburned,

but never rose above an average of 26% during the study

period (P. A. Werner and J. S. Cusack, unpublished

data). In general, annual grasses dominate stands that

are continuously burned or grazed.

By far the most abundant annual grass in woodlands

is the native annual sorghum (Sorghum intrans F.

Mueller ex Benth). The removal of buffalo is widely

perceived as the driver of an overall increase in native

annual sorghum across KNP within the last decade

(Miles 2003). To a great extent, this is true, as buffalo

selectively grazed perennials to the advantage of annuals

such as sorghum, and certainly fostered its dominance in

the region. But this view must be blended with other

observations on the role of fire since buffalo removal, as

sorghum is fire promoting and fire dependent (Cook et

al. 1996) and the abundance of sorghum is strongly

associated with fire frequency (Elliott 2005; Bowman et

al., in press). The sorghum dominated understory is now

heavily entangled with increasing fire frequencies in

KNP, where the mean fire frequency in woodland has

increased from 55% to 70% in the past decade (Bowman

et al., in press; Petty and Bowman, in press).

These shifts in biomass and species composition of

herbaceous vegetation had set the stage. What happened

next to woodland structure depended mainly on fire

treatments once buffalo were removed. In KNP, the

woodlands were burned by both park managers and

Aboriginal residents, resulting in fire-return intervals of

one to two years (Price et al. 2005). Starting around

1984, fires tended to occur earlier in the dry season

(Russell-Smith et al. 1997), perhaps in part because

annual grasses, particularly sorghum, cure earlier than

most perennial grasses, thus permitting earlier fires.

Woodland areas of Kapalga (northern sector) where

buffalo had been removed for some nine years, and fire

excluded for three years after removal, had an abun-

FIG. 9. Mortality of juvenile trees in savanna woodland in
buffalo-present vs. buffalo-absent plots, averaged across all
time intervals over the six years of the experiment, in plots that
received no fire vs. in plots that received high-intensity, late-
season fires. The figure is from Werner et al. (2006), used with
permission.
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dance of eucalypt juveniles and saplings (Prior et al.

2006). This is in contrast to areas of Kapalga that had

been burned annually from 1990 to 2003, following

buffalo removal. Here the woodland remained domi-

nated by an understory of annual sorghum with few

sapling trees, and the eucalypt canopy cover had

declined by more than half (Werner 2005; P. A. Werner,

unpublished data).

Without fires, marked trees in experimental plots in

Kapalga had lower growth and survival rates when

buffalo were removed, compared to trees where buffalo

still grazed (Werner 2005, Werner et al. 2006). After late

dry-season fires, however, growth rates of established

eucalypts in plots where buffalo had been removed did

not return to unburned levels over the next two years,

whereas they did where buffalo grazed (Werner 2005).

Juvenile mortality was 22% in burned plots and 6% in

unburned plots where buffalo had been removed, but

there was no statistical difference with respect to fire

where buffalo continued to graze (Werner et al. 2006;

Fig. 9). The differences in responses to fire with buffalo

removal are most probably linked to the differences in

understory vegetation, and hence fuel loads.

In a 2005 survey of woodland stand structure

throughout KNP, Lehmann (2007) found that sapling

recruitment into the overstory was limited by fire as well

as basal area. However, beyond speculating on the effect

of increasing fire frequency and intensity due to

increasing annual grasses during the second cascade as

well as increases in basal area during the first cascade,

the degree to which buffalo removal has played a role in

limiting sapling recruitment across Kakadu is not

known.

DISCUSSION

Resistance and resilience of KNP vegetation types

The stability of ecosystems within a given ecological

state has two aspects: resistance, the capacity of a system

to resist change, and resilience, the capacity of a system

to recover to a prior state after change (Westoby et al.

1989, Suding et al. 2004). Evolutionary history can have

a profound impact on stability as evidenced by savanna

grasses in Africa which seem to be resilient to grazing

(McNaughton 1985). In contrast, perennial savanna

grasses in northern Australia appear to have low

resilience to sustained grazing pressure by introduced

ungulates, as evidenced by the deliberate introduction of

African perennial grasses into Australian pastures (Tot-

hill and Mott 1985b, Winter 1991). Additionally, as we

illustrate here, native perennial grasses are reduced in

favor of highly flammable native annual grasses where

large grazers are present. This low resilience of

Australian perennial grasses to grazing by large herbi-

vores is most likely due to evolutionary history (Ridpath

et al. 1993).

Resistance and resilience differ with vegetation type in

KNP. Floodplain systems exhibit low resistance to

change—rapid changes in grass species composition,

reduction in grass cover, and expansion of channels

under high buffalo population densities (Knighton et al.

1992, Finlayson et al. 1997, Petty et al. 2005)—but high

resilience in returning to the previous state—rapid

increase in grass cover, recovery of most floral

assemblages, and reduction of channels after buffalo

removal (Fig. 10b; Finlayson et al. 1997, Petty et al.

2005).

In the monsoon rain forests, overstory cover in the

interior of rain forest patches is quite resistant to

change, perhaps due in part to the long life spans of

most dominant rain forest tree species, as well as some

protection from disturbance (Fig. 10a). Within the

monsoon rain forest stands understory dynamics are

unknown, although it is clear that buffalo caused

extensive damage (Braithwaite et al. 1984, Lucas and

Russell-Smith 1993), but recovery has not been assessed.

On monsoon rain forest boundaries, park managers

have aimed to reduce fire frequency to counter the

effects of increased fuel loads with the removal of

buffalo, and may have played a major role in increasing

the total rain forest cover in the park (Banfai and

Bowman 2006).

Woodlands are highly resistant to change, at least

initially. However, high resistance is accompanied by

low resilience, due in part to changes in the understory

that prevent the recruitment of young canopy trees, both

due to hysteresis effects from buffalo removal and from

subsequent fire management. Indeed, the changes

documented over the past 40 years indicate a shift in

some areas to an alternate ‘‘grass-fire’’ state in wood-

lands where the understory is dominated by annual

sorghum, increased fire frequencies, and, potentially, a

long-term decrease in woody cover (Fig. 10a).

The magnitude of change is different depending on

historical buffalo population levels. Most of the

evidence for buffalo-caused inhibition of overstory

recruitment, post-buffalo release of annual sorghum,

and juvenile tree/sorghum interactions comes from

experiments performed on the western side of the South

Alligator River, the region of KNP that historically had

the highest buffalo populations. As if to underscore the

role of buffalo in any state shift, we do not see a decline

in overstory cover on the eastern side of the South

Alligator where buffalo population levels were histori-

cally lower. By contrast, in the southern sector of KNP,

where buffalo numbers were historically lower, there

was little change overall. However, this must be

tempered by consideration of likely lower carrying

capacity in the less productive South, as well as the

possibility that lower rainfall makes Southern savannas

even more resistant (Sankaran et al. 2005; Fig. 10b).

Unfortunately, little is known of recruitment patterns or

understory vegetation dynamics in the southern sector,

and it is difficult to make definitive conclusions at this

time.
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Long-term consequences and management

KNP is internationally renowned as simultaneously a

pristine landscape and a landscape culturally construct-

ed by Aboriginal people who continue to live in the

park. However, continued management of the region

requires the recognition of European settler efforts to

‘‘domesticate’’ this area of the frontier; efforts that were

both facilitated and hampered by buffalo (Robinson

2005). Successful future management decisions for KNP

and the Top End as a whole require an understanding of

the characteristics of the present ecosystem in relation to

the pre-buffalo ‘‘reference ecosystem’’ (sensu Egan and

Howell 2001), as well as the consideration of means to

manage the long term effects of buffalo removal.

Today, feral buffalo are once again dispersing into

KNP and continue to grow in numbers in neighboring

Arnhem Land. They have reached particularly high

population densities in the vicinity of the Blythe River

and the Arafura Swamp in central Arnhem Land, a

wetland complex as extensive as the Alligator Rivers

region. The long term prospects for controlling buffalo

across a wide landscape are currently unknown and it is

very possible that increasing feral buffalo populations

will become a significant factor in KNP and beyond, and

perhaps in KNP initiate a ‘‘third ecological cascade.’’

Bond and Keeley (2005) have drawn parallels between

fire and herbivores as alternative consumers of vegeta-

tion. Although grazing doesn’t necessarily replicate fire

in terms of behavior or pattern, we show multiple

examples in this paper where both are equally effective

at consuming herbaceous biomass. Historically, most

studies of mesic savannas have focused on grazing

effects alone (with a vast literature on African savannas,

Bond and Keeley 2005). Alternatively, empirical studies

of fire and/or edaphic factors rarely address how grazing

may have played a role in the vegetation dynamics of

mesic savannas (e.g., Menaut et al. 1990, Lonsdale and

Braithwaite 1991, Swaine et al. 1992, Bowman and

Panton 1993, Glitzenstein et al. 1995, Williams et al.

1998, 1999, 2002, Moreira 2000, Andersen et al. 2003,

Gardner 2006), although Russell-Smith et al. (2003)

mention that buffalo may have played a role in

interpreting a 24-year study of the effects of fire on

savanna woodland in KNP. The general lack of

consideration for grazing in fire studies is perhaps

understandable because fire effects are immediate and

dramatic, grazers may no longer be present, and the

impact of hysteresis effects can be easily overlooked or

underestimated without a historical perspective. Notable

exceptions are studies of Norton-Griffiths (1979),

McNaughton (1993), and Mills and Fey (2005) on

interactions between fire and native large grazers in

Africa, and the studies of Silva et al. (2001) and San José

and Fariñas (1983, 1991) on changes in a cattle- and fire-

protected savanna in Venezuela. In general, our study

shows consistency with the African studies, but com-

parisons with the Venezuelan work are inconclusive.

The results of this KNP study are consistent with

models of fire–grazer interactions in savannas developed

from an east African perspective (Higgins et al. 2000,

van Langevelde et al. 2003, Archibald et al. 2005) as well

as field studies in drier savannas of northern Australia

FIG. 10. Conceptual models illustrating resistance and
resilience within savanna ecosystems in KNP. Resistance refers
to the strength of feedback loops that prevent change in the
system; resilience refers to the ability of a system to return to a
previous state once disturbed. (a) This panel illustrates high
resistance but low resilience in the mesic savanna woodlands
and rain forests of the northern sector. The savanna woodlands
have been quite resistant to change, but as illustrated by the
divergence of the west and east portions, the systems are less
likely to return to their previous stage once disturbed. The west
portion, in particular, seems to have entered a state where the
understory is dominated by annual sorghum, and recruitment
of new trees continues to be inhibited by high fire frequencies
and fuel loads (a grass/fire cycle). Conversely, in the eastern
portion, where fires occurred less frequently from at least 1975
to 1990, the canopy continues to increase, and there is a more
even mix of annual and perennial species in the understory. The
monsoon rain forest is a non-disturbance-dependent climax
community; in areas with deep soils, a very long fire-free
interval could drive woodland communities to a monsoon rain
forest state, while in other areas, overall cover and relative
abundance of some rain forest species would increase
(Woinarski et al. 2004). (b) This panel illustrates the low
resistance but high resilience of the freshwater floodplains of
the tidal region of the central sector. Floodplains have changed
rapidly under impact from buffalo grazing (low resistance)
toward a highly resistant state where sediment deposition is no
longer able to counteract incoming tidal force and the
floodplains are dominated by extensive saltwater marshes and
mangrove channels. Such a state did exist under higher sea level
conditions 7000–5000 yr BP (Woodroffe et al. 1985). Following
buffalo removal, the floodplains are quickly returning to
historical equilibrium (high resilience).
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(Fensham and Skull 1999, Sharp and Whittaker 2003,

Sharp and Bowman 2004). Further, both time lags and

rainfall gradients in KNP show a similar pattern of
change to that reported along a rainfall gradient in the

Serengeti (Norton-Griffiths 1979). There Norton-Grif-

fiths (1979) found a greater decline in woody vegetation

from 1958 to 1972 in the wetter north, which he

primarily attributed to a time lag from repressed
recruitment due to intense fires during the rinderpest

epidemic. As in KNP, grazer-induced changes in fire

regime had less of an impact on woody cover in the drier

southern regions of the Serengeti.

Still, however, the long-term cascading impact of
grazing differs between Australia and Africa. The

subsequent release in Australia of a fire-promoting

native annual has created the possibility of a long term

decline in the tall woody canopy (Fig. 10a). Globally,
the savannas of the KNP (and ARR) are most

analogous to the moist savannas of South America,

particularly the cerrados of Brazil (Furley 1999), as

neither supports populations of large native grazers. It
would be of great interest, and immediate importance, to

investigate the impact of introduced grazers on cerrados

dynamics in South America.

Additionally, comparisons would be fruitful with the

Amazonian floodplains of Brazil, which currently have
the highest rate of buffalo population growth in the

world (Sheikh et al. 2006). The response of vegetation on

the floodplains of Keoladeo National Park in India,

where buffalo were removed from their native habitat,
would also be informative. There, the floodplains

contained a rich mixture of grazing-tolerant plant

species when buffalo were present. The relative abun-

dance of these species declined after buffalo were
removed (Middleton et al. 1992).

Successful management of savanna ecosystems re-

quires a thorough understanding of the historical range

of variability in the system, the factors that drive that

variability, and an understanding of potential alternate

states. This is critical, not only for understanding the
range of potential management targets, but also for

understanding how best to manage savannas within

desired thresholds (van Wilgen et al. 2004) as the

importance of savannas to human economies increases
in the next century.
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