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SUMMARY

We aimed to identify the limits of savanna acro$sca, Australia and South America.
We based our investigation on the rich history yifdtheses previously examined; that
the limits of savanna are variously determined binfall, rainfall seasonality, soll

fertility and disturbance.

We categorized vegetation on all continents asdsa&” (open habitats with a,Qrass
layer) or “not savanna” (closed habitats with npgtass layer) and used a combination
of statistical approaches to examine how savanesepce varied as a function of five

environmental correlates.

Savanna presence is constrained by effective tharfd rainfall seasonality. Solil fertility
is regionally important, although the directionitsfeffect changes relative to rainfall. We
identified three continental divergences in theitsmof savanna that could not be

explained by environment.

Climate and soils do not have a deterministic ¢féecthe distribution of savanna. Over
the range of savanna, some proportion of the lamdiways “not savanna”. We reconciled
previous contradictory views of savanna limits bgveloping a new conceptual
framework for understanding these limits by catemyog environmental factors into

whether they have a positive or negative effecivmody growth and the frequency of

disturbance.
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INTRODUCTION

Understanding the factors that govern the distiiimgt of biomes is a fundamental
challenge for plant ecology. In the case of tropgavannas, the task is particularly difficult
because of multiple interacting factors. Climateydrology, herbivory, fire, and soil
characteristics can all influence the distributtdrsavanna (Tinley, 1982; Furley, 1992; Hopkins,
1992; Ruggieroet al, 2002; Bond, 2008). However, we lack a concepfuainework for

understanding how these interact to determineithi¢s| of the savanna biome.

Tropical savannas are mixed tree z @fass systems that occur across approximately
20% of the terrestrial surface (Scholes & Hall, @99Savannas and Qyrasslands became
prominent features of tropical landscapes approtain® to 8 mya as a result of a rapid global
increase in the dominance of, Qrasses (Cerlinget al, 1997). In some regions,@rasses
replaced pre-existing{@rasslands (Stromberg, 2004). Butdfasslands also displaced forests,
thickets and shrublands; biomes that coexist vatrasna in modern landscapes, and define the
modern limits of savannas (Keeley & Rundel, 200Bjer-conversion between savanna and
these other vegetation types occurs today, ofteresponse to human activity (Bond & Parr,
2010). Large areas of tropical savanna and grasslhave been encroached by trees or shrubs
(Asner et al, 2004; Wigleyet al, 2009), while elsewhere transitional forests héeen

converted to grass-dominated ecosystems (Barlower@d? 2008).

Here we consider savanna to include any system avitbhntinuous layer of {grasses,
regardless of whether trees are present. Shrublahd&ets, and forests will be referred to

collectively as “closed-canopy ecosystems,” evetdfy do not possess a truly closed canopy.
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The defining characteristic of these systems i$ tha cover of woody plants is sufficiently

dense to shade out, Grasses.

In distinguishing between savanna and closed-caremmgystems, we emphasize the
presence or absence of, Qrasses because of their unique biology, which ingsortant
consequences for vegetation dynamics (Bond & Migld?@00; Sage & Kubien, 2003; Keeley &
Rundel, 2005; Bond, 2008; Leakey, 2009).gtasses dominate in areas of high growing season
temperatures (Sage, 2004). In such climatgegr&sses are extremely productive if ample light is
available, permitting rapid accumulation of higllgmmable fuels. However, grasses are
physiologically incapable of dominating the lowHigenvironment of closed-canopy ecosystems
due to the metabolic costs of,; @hotosynthesis (Sage 2003). The combination oh hig
productivity, high flammability and shade intolecancauses £grasses to play a critical role in

mediating the transition between savanna and cloaedpy ecosystems.

In savanna, the likelihood of fire is influenced the traits of the vegetation. A high
density of grasses permits frequent fire, whichtum maintains an open canopy, thereby
promoting G grasses, and initiating a positive feedback betwssvanna and fire (Beckagé
al., 2009). In contrast, a closed-canopy state, wkrgrasses are excluded, creates a humid
microclimate, and thus also greatly reduces tharability of the vegetation (Ragt al, 2005).
These closed-canopy habitats therefore resist mgirnallowing them to persist in close
proximity to frequently-burned savanna (Bowman, @00 he absence of grasses is critical for
the low flammability of these systems, so the cgndpnsity at which grasses are excluded
represents a critical threshold in the transitimmt one state to another. Although we understand

the physical constraints ta,@rass growth, we lack a sound theoretical framkwbwhy mixed
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tree - G grass systems dominate across the tropical zowewhere and why they are replaced

by closed-canopy formations across the range Girsev

There have been numerous attempts to identify tkea@mental limits of savanna. Nix
(1983), drawing on information from South Americdentified a range of 1000 to 1500 mm
mean annual rainfall (MAP) within which savannasnilmate. Stott (1988) identified a range of
800 to 2000 mm MAP and a dry season of 5 to 7 nsowtithin which savanna dominates in
South-East Asia. Scholes and Walker (1993) movedyafsrom precise rainfall limits and
identified a monthly mean temperature > 10 degtkesughout the year, a wet season warmer
than the dry season, at least 60 days where themough moisture for plant growth, and at least
60 days where there is not enough moisture fortgeowth. Schimper (1903) and Sarmiento et
al. (1983) considered that rainfall seasonalitya water limitations to forest plant growth,
prevented closed canopy formations from occurridgyd et al. (2008) suggested that rainfall
seasonality is important in extending grass dongaanto arid systems. Low soil fertility has
been considered by many as promoting savanna (C6&Q); Goodland& Pollard 1973; Nix,
1983; Stott, 1988Haridasan 1992; Lloydet al, 2008). However, over much, if not all, of the
current extent of tropical savannas, the envirortalenonditions can also support forest,
thickets, and shrublands as evidenced by landsgagterns (Bowman, 2000; Russell-Sméh
al., 2004), manipulation experiments (Woinargki al, 2004; Higginset al, 2007), model
experiments (Bonet al, 2005) and palaeoclimate data. Similarly, largsaaroccupied by these
ecosystems have the potential to persist as savandased-canopy formations once the shift
has occurred (Laws, 1970; Johnson, 2009). Mosbasitonsider fire an important characteristic

of the savanna biome, but differ in the extent tocl fire is perceived as a passive response to
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the presence of flammable Grasses and savannas or a major factor accouutitige existence

of savannas (Bond, 2008; Llowdt al, 2008).

Due to the largely stochastic nature of fire regimecal correlative studies have limited
use in inferring environmental controls on the niisition of savanna and closed-canopy
vegetation. However, at sufficiently large scaledtgrns should be governed by the mean
behaviour of the dynamics between savanna andd:lcsmeopy formations. It should then be
possible to identify the environmental limits wheyess-dominated savanna vegetation gives
way to either mesic closed-canopy forest on on& hanarid and semi-arid thicket or shrubland

on the other.

This study aims to identify the environmental lisnaaf G, dominated savannas across
tropical Africa, Australia and South America. Onl #iree continents £grass-dominated
savannas are widespread, but the history and congmad makeup of the savannas are vastly
different. We used best available vegetation mapsldssify each continent into savanna and
non-savanna vegetation. We assess the probabilitg docation being savanna along a
productivity gradient. We then determine where gldinis productivity gradient the savanna-
closed-canopy boundary exists on each continengloex reasons for this and develop our
conceptual model of how these transitions occuril&the concepts we discuss here are relevant
to alternate stable states, and grass- and woadyingted ecosystems worldwide, we focus on

tropical savanna systems dominated hygfasses.

METHODS
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The extent of savanna vegetation was determinedh \éGamposite of vegetation maps
covering Africa, Australia and South America. Weedismaps developed from ground
observations. Satellite-based products are sutpetie influence of recent land-use change and
generally use arbitrary cut-offs for what consatit'forest’ based on tree cover estimates
(Fairhead & Leach 1998). The distinctions used $seas whether a vegetation type was
classified as savanna were: 1) the presence ofrandat G grass layer, and 2) discontinuous
tree cover. Hence, vegetation units classifieddassed-canopy” comprised shrubland, thicket,
heath, forest, dry forest, rainforest, evergre@pital forest, moist tropical forest and closed
forest. We omitted from our analysis any vegetatiaits described as azonal vegetation, sand,
desert, waterlogged, seasonally inundated, rivaéorest, alluvial or floodplain grasslands, sub-
montane, montane, afromontane, Highveld, agricaltsalt flat, or water. High-altitude tropical
grasslands were not sampled, as these systemseapra@ temperature constraint to woody
growth, and do not fit within our limits of “tropat or sub-tropical”. Classification was based on

the metadata accompanying each vegetation mapassditation with regional experts.

Vegetation maps

Africa

White’s 1983 vegetation map (White 1983) was useddfine the limits of savanna in Africa.

Detailed maps are available for some countries fimc#& and several recent land-cover maps
have been created for Africa, but White’'s vegetatiemains the only continent-wide vegetation
classification system. The major vegetation typesWhite’'s map are: grassland, grassy
shrubland, secondary wooded grassland, edaphicslgnals mosaics, forest transitions and

mosaics, woodland, woodland mosaics and transijtibnshland and thicket, bushland and

7



109 thicket mosaics, Cape shrubland, forest, semi-tlgegetation, desert and transitional scrubland.
110 Areas not classified and excluded from the analygse: altimontane vegetation, anthropic

111  landscapes, azonal vegetation, and Highveld grag$tamations.

112  Australia

113 A composite of four vegetation maps were used. &hesre: 1) Northern Territory
114  Government 1: 1 million map; 2) Australian TropiGdvannas 1: 1 million (Fox et al. 2001), 3)
115 Queensland Regional Ecosystems; and, 4) Geosciédnusrgalia 1: 2 million map covering the
116  Australian continent. We classified the biomassiaudatingTriodia spp.dominated grasslands
117  of Australia as “not savanna”. Unlike othef @rasses, perennid@fiodia spp.act functionally as
118  shrubs, accumulating above-ground biomass gradws#y many years and with long-lived
119  evergreen leaves, and may carry fire when theyaeen (ie. not cured). This is unlike othey C
120 grasses, which only carry fire once they have smuksnd cured. Australia is unique in that
121 large tracts of the arid and semi-arid zones avereal by these hummock forming grass species.
122 Co-occurring woody species have life history trahsracteristic of crown fire regimes, such as
123 fire stimulated recruitment and non-sprouting (#gédle seeder) fire responses which are absent

124  from the surface fire regimes of savannas (AllaB@&ithgate, 2002).

125  South America

126 Due to a lack of detailed vegetation maps for thére continent, and that the vast
127  majority of South American savannas are containgdinvBrazil and Venezuela, we used two
128  vegetation maps representing these countries. FazilBwe used the 1:5,000,000 1993

129  Vegetation Map of the Instituto Brasileiro de Geadgr e Estatistica (IBGE), digitized by the
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USGS EROS Data Center. Based on the descriptibtiseovegetation classes by the IBGE
(1992), we considered as savanna any vegetatiesifobal as Cerrado, Campos, or tree-grass
Caatinga. For Venezuela we used the map develogeHuber & Alarcon (1988), where

savanna was considered as Llanos.

Dataset

We examined the vegetation maps 30° north and siutie equator on each continent,
which is the latitudinal band in which,@rasses dominate. We generated a random setrdfpoi
across each continent with the minimum enforcedidtance between points 0.25 degrees, and

each point classified as “savanna” or “closed-cghop

We collated information on four factors,priori, that have been considered as important
regional and local determinants of savanna presdimese four factors are known to affect both

ecosystem productivity and fire return period.

We calculated effective rainfall as MAP-PET wherdRiis mean annual precipitation
from the 0.8 resolution WorldClim data and PET is potential maaanspiration from the 0?5

resolution data set from the University of Delaware

Soil fertility (SF) has been inferred by a numbéistudies as a determinant of savanna
presenceGoodland& Pollard 1973;Cole, 1986; Stott, 198&iaridasan1992; Lloydet al, 2008).
SF affects both the productivity of trees and grgasand, where there are mega-herbivores, the
extent of grazing and browsing. SF was determirsed aroduct of Total Exchangeable Bases

extracted from the IGBP Harmonised World Soils bat®e where high values of TEB
9
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correspond with high soil fertility. TEB is consrée a particularly appropriate measure of

fertility for savanna systems (Nix, 1983).

Rainfall seasonality was first mooted as importmt determining the distribution of
savannas by Schimper (1903) but this correlatiarever been quantified across gradients of
seasonality and productivity. TRMM monthly rainfdihta (Huffmanet al, 2007) was used to
calculate rainfall seasonality and was defined gisin index which gives an indication of how
evenly dispersed rainfall is throughout the yearadue of O represents equal rain in all months,
a value of 100 means that all rain fell in one rhoamd a value of 50 approximates a 5 month

dry season. Markam (1970) provides a definitiothef index.

Topographic complexity affects fire spread, andstltalso fire return times and the
probability of disturbance (Stambaugh & GuyetteQ@0 Should frequent fires be important for
savanna presence, then topographic complexitkedylian important indicator of the likelihood
of fire spread. SRTM global topographic data weseduto calculate topographic complexity,
which is defined as the standard deviation of 9fesolution elevation values within a 1km cell

(about 100 values in each cell).

“Continent” was included as a fixed effect in @amalyses. Millions of years of plant and
landscape evolution separate Africa, Australia 8adth America, and it has been suggested that
there is divergence in the limits of savannas ammbogntinents (Knappt al, 2004; Bond, 2008;
Lloyd et al, 2008).

We were interested in understanding whether theildision of fire is a driver of the
distribution of savanna, rather than a passivearesp. Fire occurrence and savanna presence are

closely related due to the flammability of @rasses. Area burned can be used as an indere of fi

10
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return periods through space-for-time substituttbough it presents problems in systems that do
not burn uniformly. Moreover, a 9-year datasetnisuificient to describe systems such as the
Triodia dominated hummock grasslands of central Austraia other semi-arid and arid
systems known to have long fire-return periods éBwdle et al, 2009). Hence, directly
including information on fire in our analyses wolldve produced circularity in any arguments
of a dynamic relationship between climate, vegetaind fire. However, rainfall seasonality and
topographic complexity are two important correlaiéfire (Archibaldet al, 2009). We used the
monthly MCD45A1 burnt area product to determine thiee or not individual point locations

had burned in the last 9 years (9 years was tlggHesf the MODIS data product).

Analyses

Mapping the probability of savanna and fire occunce

The dataset generated for each continent was ardaréerms of MAP and binned
(ranging from 100 to 4000 mm) in 80 mm intervalsithivh each interval the probability of
savanna presence was calculated as the meanpairaté within that rainfall interval (O = closed
canopy, 1 = savanna, thus the mean value is theabildy of savanna presence). If a pixel
burned within the time period of the satellite déayears) fire occurrence was classified as 1,
and if it did not burn it was classified as 0. Tgrebability of fire was calculated as the mean of
all the points within that rainfall interval. It therefore an underestimate, as in systems wih fir
return periods longer than 9 years a pixel mayrmorrectly classified as “no fire” simply
because it had not burned. These two metrics wette@ against MAP to compare the limits of

savanna and fire (Figure 1).
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The arid and mesic transitions

Processes driving the transition from savanna tesfoon the mesic end of the
continuum, and from savanna to arid shrubland/#tiskinifex on the arid end of the continuum
are unlikely to be similar. For the statistical lgsas the datasets were therefore split into “arid”
and “mesic” with the divider being the rainfall which savanna occurrence is maximised for
each continent. The environmental drivers wereloeegd and explained separately for each

transition.

Statistical modelling of savanna presence

We examined the ability of five environmental ctates to predict the distribution of
savanna (Table 1: MAP-PET, SF, RS, TC, and Contjnand used these to develop 32 models,
with a binomial response variable (savanna pregabsence). The 32 models were contrasted in
an information theoretic framework described below.

For the statistical models, the presence/absence# @ata were area averaged at a 0.5
degree resolution. This means all points withinigey 0.5 degree cell (up to 5 points) were
summed and averaged to create a gridded datasevahtes of savanna presence ranging from
0 and 1. Spatial analyses in R are limited by tfability to construct a distance matrix for more
than 4000 points. Hence, the dataset was randoatigasnpled for 4000 gridded values from
each transition (4000 of 4247 arid transition; 400@125 mesic transition).

We used a method developed by Murgtyal., (2010) to construct autoregressive error
(ARerr) models that account for inherent and indusgatial autocorrelation in non-normal data.

The autoregressive error models were constructegeasralised non-linear models using the

12
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packages gnm and ncf in the freeware program Rore&s11.0. Particular to ARerr models is
that the spatial weights of the distance matrixamgigned according to the correlation structure
of the residuals for the model in question. Thetiapaorrelation structure was determined by
constructing a non-spatial version of the globadeloUsing the residuals from the non-spatial
model a correlogram based on Moran’s | was plotiied spatial autocorrelation modelled as a
function of distance. The modelled correlation kedw two points was then used to estimate the
spatial weights for the model in question.

Models were evaluated usidgAICc (AQAICc = QAICc — QAICcnin), a robust form of
Akaike’s Information Criterion, a model selectiondex favouring model parsimony that
accounts for overdispersion in data (Burnham & Asdr, 2002). Lower values &fQAICc
indicate greater support for a model, relativehte best model in the candidate set. Values of
AQAICc < 2 indicate that an alternate model perfomimost as well as the best model and
AQAICc > 10 suggests it is highly unlikely that thkernative model is appropriate. Based on
QAICc, Akaike weights (W were calculated for each of the 32 models indhalysis.w; is
equivalent to the probability of a given model lgethe most parsimonious in the candidate set.
From each model set representing each of the addngesic transitions, the global model was

used to estimate the predicted effects of eaclelzderon the probability of savanna presence.

Regression tree modelling

We also used a non-parametric approach to explove the environmental data were
explicitly correlated with the distribution of savza. A regression tree is a classification method
that predicts class membership by recursively f@ning data into more homogeneous subsets,

referred to as nodes (Breimahal, 1984). Regression trees provide a set of rulesl&ssifying

13
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data into categories (savanna or not-savanna)dtifging split conditions which decrease the
deviance at each node in the tree. Split conditines explicit, and accommodate non-linear
relationships. The importance of different explamatvariables was assessed by randomly
permuting each variable in turn, running the modell assessing the increase in Root Mean
Square Error (RMSE) that occurred; variables thmatiaportant for the final prediction would
result in a greater increase in RMSE when randg@alynuted. Currently, there is no good way
of accounting for spatial autocorrelation with eggion-tree modeling, which means the results
from this analysis need to be interpreted with icewyitand in light of the statistical models

described above.

RESULTS

Distribution of savanna and fire

An initial assessment of the distribution of faed savanna across a rainfall gradient
indicate marked differences between continents. (BigSavannas in South America occur up to
2500mm rainfall - 500mm above the limit of savammaiustralia, and 750mm above Africa’s
wettest savannas. Similarly, a substantial proportf the savannas of Australia and Africa
occur at rainfalls below 1000mm, which is not tlse in South America (Fig 1). In Australia
and South America, fire occurrence is closely assed with the presence of savanna along this
rainfall gradient (Fig 1). In Africa, however, sawe extends far into areas of low rainfall where

burning is infrequent (Fig 1a).
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Environmental drivers of the mesic savanna — foredransition

In the gnm analysis of the mesic savanna-foresisitian, all covariates had relevance in
determining the probability of savanna (Table 1af the effect of each variable was examined
in isolation, MAP-PET and rainfall seasonality ithd greatest influences (16.5% and 15.7% of
deviance explained, respectively), followed by amerit (10.6% DE), soil fertility (5.3% DE)
and topographic complexity (1.1% DE). We found gaapleement between our observed and
predicted distributions (Fig. 3)

When all variables were included in the model, sipatial global model explained
22.63% of the deviance in the data, and the notiaggobal model explained 34.36% of the
deviance, hence ~ 12% of the deviance could bdaiitd to the spatial structure of the data. The
response to MAP-PET was remarkably consistent aa@ostinents after accounting for all other
variables (Fig 2). On all continents, the prob&pibf savanna occurrence was less than 20%
where MAP-PET exceeded 1200mm (Fig. 2). RS hadr@ngtpositive effect on savanna
presence, indicating that savanna is most extensivere rainfall is most seasonal. Africa
requires more seasonally-concentrated annual tath&n either Australia or South America to
achieve the same probability of savanna occurréd2evs 49 and 52 respectively for a 50%
probability). Soil fertility explained 5% of the dance in the data when examined in isolation,
however, this effect disappeared when all otherabées were taken into account (Fig. 2).
Topographic complexity had a weak negative effecsavanna presence. Overall Australia had
a higher probability of savanna occurrence, albaitnall difference, relative to Africa and South
America (Fig 2). That is, accounting for other eommental correlates, savannas in Australia

extend into wetter habitats. Hence, when the epeetaf Australian savannas was plotted onto
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the environmental space of Africa and South Ametica extent of mesic closed-canopy
formations was much reduced (Fig. 4).

Regression tree results confirmed the importarid@Sin the mesic savanna - forest
transition. Here RS was the most important coreetdtsavanna, reducing the RMSE by 50%
more than the next most important variable (MAP-REcross all continents areas with RS <
52 (equivalent to a dry season of less than 5 nspntlere highly unlikely to be classified as
savanna. The regression tree identified MAP-PET/& Wwithin which all continents have a high
probability of savanna - as long as they are agsmsanal systems (Table 3A: split #4). It also
highlighted the existence of savanna on rare, lgdwographically important sites of very low
fertility and very high rainfall in South Americddble 2a, split #3). These low-fertility, high-
rainfall sites do not exist in Australia or Africa it is not clear whether this is a true contiaént
distinction, or simply due to lack of representation other continents. Continental scale
differences found across the mesic transition wetestrong enough to justify splitting the data

by continent (Table 2a).

Environmental drivers of the arid savanna — shrublad/thicket transition

Continental differences in the limits of savannarevenost apparent in the arid
continuum, where we found considerable variationthia breadth of the productivity gradient
occupied by savanna across Africa, Australia anatfSAmerica (Fig. 2). Results from the gnm
analysis of the arid savanna — shrubland/thiclegtsition, found that all covariates had relevance
in determining the probability of savanna. When éfiect of each variable was examined in

isolation “Continent” had the greatest explanatpoyver, explaining 17.5% of the deviance in
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the data. Rainfall concentration explained 15.6f%ewiance in the data, followed by MAP-PET
(5.85% DE) and topographic roughness (1.25% DE)it©own, soil fertility explained virtually
none of the deviance in the data 0.02% DE. Theajlandel explained 27% of the deviance
(Table 1), and the non-spatial global model ex@di®8% of the deviance in the data, hence

11% of the deviance in the data could be accouiotelly the spatial structure of the data.

For a given MAP-PET, there was a 23 — 46% highebalility of savanna occurring in
Africa relative to Australia and South America (F&). Similarly, for a given RS, there was a 26
— 49% higher probability of savanna occurring irriegd and a 34 — 44% higher probability of
savanna presence for a given TC. From Figure 3% pfbbability of savanna occurrence in
Africa corresponds to RS of 45, while in Austradiad South America RS must exceed 71 and 74
respectively. Importantly, the environmental comdis of low rainfall and high seasonality do
not occur in arid South America, where seasonaldgs not exceed this value. TC explained
only 1.25% of the deviance in the data. In isolatsoil fertility explained little of the deviance
in the data, but when examined in combination vathenvironmental correlates had high
relevance (Table 1, Fig. 2). This suggests the tapoe of a possible interaction between SF
and other factors as, across all continents, oalysis predicts that increasing soil fertility is

correlated with an increased probability of aridas@a occurrence (Fig. 2).

When we delve further into the role of “continenia regression trees, there is strong
agreement between the statistical models and ggresee of divergence amongst continents in
the arid limits of savanna (Table 2). In contrasttlte mesic transition there do seem to be
continental-level differences in savanna occurretizg cannot be explained by variation in

environmental drivers. In Africa and Australia siteith low MAR-PET can be savanna if they
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have very high RS or high solil fertility (Table 3Hplits #7,#8), but savanna is never present in
South America for values of MAP-PET less than -{@@ble 3b, split #1). This is demonstrated
by plotting the limits of South American savannasooAfrica and Australia, which results in a

substantial reduction in the extent of savannamisarid regions (Fig. 4c).

DISCUSSION

We found that across the tropics, the balance ktwsavanna and closed-canopy
ecosystems is fundamentally similar because eWfectinfall and rainfall seasonality constrain
their distribution (Fig. 2 - 3 and Table 1 - 2).v8anas are commonly perceived to occupy an
intermediate position in the continuum between gjeaml and forest. However, many tropical
landscapes contain mosaics of savanna and closegrgasystems, and these mosaics have
persisted over millenia. That such strikingly diffiet vegetation occurs as a mosaic hints that the
limit of savanna is not simply, and deterministigatiefined by climate and soils. Our analysis
confirms this: over the entire range of environmakmbnditions where savannas occur, some

fraction of the land surface is “non-savanna” (Aip.

We present evidence of globally-applicable envirental limits to mesic savanna as
there is consensus across regions in the direerwh magnitude of the effects of effective
rainfall, rainfall seasonality, soil fertility and a lesser extent, the topographic complexity of
landscapes. Our results corroborate previous €ughewing that savanna presence correlates
with edaphic conditions and moisture availabilitg@o(e, 1960; Stott, 1988; Furley, 1992;

Haridasan 1992; Ruggiercet al, 2002; Lloydet al, 2008), although we provide an alternative
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interpretation for how these soil and climate caaists operate in a causal manner to limit
savanna. Lastly, “Continent” was an important dateeof savanna extent, primarily at the arid
limit of savanna, and we discuss divergences antaraginents in the limits of savanna and

present hypotheses and evidence for why these rexigit

Does the counteraction between woody plant growitd disturbance govern the limits of

savanna?

While quantifying these limits is useful, it faite untangle the ecological mechanisms
that actually limit savanna. However, savanna-imgitmechanisms are not intuitive, primarily
because woody plants and @rasses respond differently to the same climarampeters. Total
effective rainfall, rainfall seasonality and sodrtility affect the growth rates of both woody
plants and ¢grasses. Frequent fire reduces woody growth eatddree density, but engenders
an environment more suitable for, Qrasses (i.e., reduced competition from treed).the
disturbance interval exceeds the time requiredcémopy closure, savanna will be replaced by
closed-canopy (“not savanna”) vegetation (Fig. Shus, understanding the rate of canopy

closure, relative to fire frequency is vital to @nstanding the limits and persistence of savannas.

We consider that the extent of savanna is detedniyethe counteraction between rates
of canopy closure - due to colonization and growftlirees; and the frequency of disturbance,
promoted by ¢ grass abundance - which results in canopy openinthe environmental
conditions at which savannas dominate are detedmihis counteraction, then when factors

affecting these processes have been accountecefshawuld find convergence in the distribution
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of savanna across the globe. On the other hasdyvdnnas in different parts of the world have
different environmental limits, then we need torskhdor alternative ecological explanations or

turn to historical differences to explain divergesc

Using the above framework we believe it possibléntegrate previous and seemingly-
contradictory observations of the environmentalténof savanna. Importantly, the relevance of
local correlations between savanna presence, exility and/or water-holding capacity can be
incorporated into our framework if they are undeost as factors that increase woody growth
rates — thereby reducing the efficacy of fire inimeining an open-canopy (Fig. 5a). From Fig.
5a we see that the exact boundary between savadneaased-canopy vegetation should depend
on the shapes of relationships of potential tre gnass productivity to climate and disturbance
— for which there is little data available; therfoof which may be influenced by phylogeny and

the traits of tree and grass species (Bond, 2008).

Concepts of climate-disturbance-vegetation int@ast constraining the limits of
savanna can be contrasted with the hypothesisthieamodern- and palaeo-extent of savanna
vegetation is attributable to the efficiencies loé 1C, photosynthetic system, as, Grasses are
superior competitors to woody plants under low $easonal rainfall due to lower whole-plant
construction costs and high water-use-efficiencygi® & Solbrig, 1977; Edwards al, 2010).
Hence, G grasses colonise open habitats. However, decadéia exclusion and model
experiments show that 1) across many savanna systbencompetitive effect of JQrasses is
not strong enough to prevent tree recruitment enaihisence of disturbance (Russell-Smeithl,
2003; Higginset al, 2007; Asneret al, 2009; Lehmanret al, 2009) and 2) that an increase in

the density of woody stems often leads to co-ingideductions in grass biomass (Belsky, 1994;
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Menautet al, 1995; Mordelet & Menaut, 1995; Scholes & Arch&#997; Ludwiget al, 2004;
Riginos, 2009). Our results, along with a recenidgtexamining distribution of fire across
Africa (Archibald et al, 2009), suggests that the limits of @minated systems are due to the
dynamic roles of succession and disturbance asidedan Figure 5. Here effective rainfall and
rainfall seasonality are the ultimate drivers, wh#oil fertility locally modifies resource
availability, and topographic complexity locally dibes the probability of fire. However, the

remarkable divergence between continents in thklianits of savanna is intriguing.

Why is the role of rainfall seasonality paramoumtimiting savanna?

Rainfall seasonality was the most important predicf savanna presence. Across the
mesic transition any area with rainfall seasonalit$2 (equivalent to a dry season less than 5
months) had <20% probability of being savanna acias three continents. Across the arid
transition seasonality in combination with adequetfective rainfall was necessary for savanna
presence. Rainfall seasonality may be particulanlyortant because it acts both_to reduvaies
of canopy closure (Sarmiento, 1984), and increfage frequency (Archibaldet al, 2009).
Pronounced rainfall seasonality promotes fuel gyraffecting both the spatial connectivity of
fuels and the period over which fuels are availatdeburn (Bradstock, 2010). Rainfall
seasonality is also related to inter-annual ralinatiability and hence the probability of drought
which promotes both sapling tree death (Fensktaal, 2009) and reduces adult woody growth
rates. Rainfall seasonality therefore has a stgooglintervailing influence on woody growth and
the probability of disturbance. By referring to &ig 5b this alone might prove its importance in

explaining the limits of savanna.
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Why does the role of soil fertility differ betwebe arid and mesic transitions?

We found a contrasting effect of soil fertility ass the mesic and arid transitions (Fig. 2;
Table 2). In very wet areas low fertility sites wanore likely to be savanna (Fig. 2 and Table 2;
split #3). These results conform to the notion thadreased soil fertility lessens growth
constraints on woody plants thereby increasing wagdwth rates and productivity. Hence, the
time required for a site to achieve a closed canty@ excludes £grasses is increased,

simultaneously providing a greater opportunitydaturbance to occur (Fig. 5b).

In arid areas, high fertility sites were more lik@b be savannas (Fig. 2; Table 2, Split
#7). There is less clarity about the role of seittifity in arid areas. Across the African arid
transition browsing and large mammal disturbaneeimportant mechanisms maintaining open
formations (Laws, 1970; Holdet al, 2009a; Staveet al, 2009), in which case, this is likely to
be important in more fertile systems (Gateal, 1976; Fritz & Duncan, 1994; Asnet al, 2009),
and low-rainfall systems (Stavet al, 2009) which would explain why low-rainfall higbrtility
systems are more likely to persist as savanna @ign Australia the distribution of biomass-
accumulatingTriodia sp. ecosystems (that we consider “not-savann&’eall correlated with
sandy infertile soils (Nano & Clarke, 2008). Langstems with soils that have higher clay
contents and a low water-holding capacity, relatisethe well-sorted sands of semi-arid
Australia, tend to support savanna (Feial, 2001), as they favour shallow rooted grasses aki
to the Walter hypothesis of tree-grass coexistéid¢alter, 1971). In our analyses, arid sites of
extreme fertility represent a tiny percentage ombmed land-masses. However these cases

provide information to explore processes promosaganna.
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What is the role of “continent”?

Some of the different patterns, with regard to ymiéation, that we have observed (i.e.
Fig. 1) can be explained by differing combinatiaisother factors. Low-fertility, high-rainfall
savannas are only found in Brazil and Venezuelait-sb too are the low-fertility and high-
rainfall environments which promote these savan8asilarly, savannas occur in the very low-
rainfall areas of Africa and Australia because they fertile, and these highly-fertile soils are
not found in South America. However, there aredhraportant examples where differences

between continents cannot be explained by moderrea@ronmental constraints.

Africa has a much higher probability of savannaspree across the arid transition than
either Australia or South America (Fig. 2; Fig. 4&pnsequently, African savannas occupy a
greater land area than would otherwise be antetpatere continent not factored into our
analyses. Mega-herbivores and large predators weadicated from South America and
Australia over 20, 000 years ago, but not from &sfri Browse disturbance is critical in
determining rates of woody plant growth in aridioag, while large mammal grazing and
trampling reduces fuel loads and can prevent fighhannet al, 2008; Asneret al, 2009;
Holdo et al, 2009b). This is supported by the large discrepdmetween the probability of
savanna and fire occurrence where MAP < 1400mmsacidrica (Fig. 1). There are numerous
historical accounts and palaeo-ecological stud@® fAfrica and elsewhere that demonstrate the
addition or removal of large mammals induced rddibanges to vegetation (Laws, 1970; Holdo
et al, 2009b; Johnson, 2009). Hence, according to @amdmwork (Fig. 5), a disturbance other

than fire, i.e., mammalian herbivory that reducesody plant growth and prevents closed-
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canopy formations would need to operate in theg®ms. From our analysis, the continent-level
differences in rainfall seasonality required torpote savanna across arid Africa and similarly
the correlation between soil fertility and the as@vanna-shrubland/thicket transition points to

the role of herbivores in extending the dominanfcgawanna across the African continent.

In Australia, savanna extends into wet habitats revhrainfall is not as seasonally
concentrated as in either Africa or South Amerfgaplying these Australian limits to Africa and
South America results in a reduction in the extdrthe Amazon and Congo Basin forests (Fig.
4b). The Australian mesic transition is almost entirebnfined to a small portion of the NE of
the continent (Foxet al, 2001). Due to the small dataset pertaining to Alastralian mesic
transition the power of this result is diminishadd to an extent an artifact of the differences in
range of rainfall seasonality found across the eéhcentinents. HoweverAustralian mesic
savannas are dominated by tree species frorkubalyptusgenus (Foxet al, 2001) and there is
much to suggest th&ucalyptusand fire are co-dependent (Gdt al, 1981; Bradstoclet al,
2002), with species from the genus having adaptatim tolerate fire (bark thickness and
substantial resprouting potential), and in someiggeadaptations to promote fire (elevated fuels
and highly flammable leaf litter). Beckage et aD@Q) shows how these characteristics can
promote fire and savanna in mesic environments. fdihdogenetic peculiarities of eucalypts

might therefore be the explanation for the highesimlimit of savanna in Australia.

Finally, there is a lack of savanna at low rairsfall South America (Fig. 4c; Table 2,
split #1), although very similar environmental cdimwhs correlate with a high probability of
savanna in Africa and Australia (Fig. 2, Fig. 4hid is puzzling; across the Neotropics the

distribution of savanna and adjacent fire-sensitiemes is recognized as confounding or at the
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480 very least as occupying similar environmental eope$ (Penningtoat al, 2000; Penningtoet

481 al., 2009). Simon et al. (2009) demonstrate that ttee densistive arid thickets, semi-arid dry
482  forests and Amazonian forests of Brazil are theeatnal biomes for the lineages of tree species
483 that dominate the Brazilian savanna. Further, efdiverse array of tree species that dominate
484 the Cerrado many have congeners specific to ettieergallery forests of the Cerrado or the
485  Amazon (Hoffmanret al, 2009). Anecdotal reports suggest that differemcdbe soils between
486  the Caatinga and Cerrado not captured in this arsaére highly important in understanding the
487  transition between Caatinga and Cerrado vegetdtitoyd et al, 2008). Thicket vegetation
488  similar to Caatinga does occur in Africa under &amenvironmental conditions but is usually

489  not the dominant landscape type as it appears o $euth America.

490

491  Summary

492 The relationship between vegetation and climaigyrsamic, and so too the relationship
493  between vegetation and disturbance. We providenaemiual framework in which to consider
494  the limits of savannas and suggest that at glatsés interactions between climate, disturbance
495 and vegetation underpin the limits of savannas tughe counteraction between factors
496  promoting woody plant growth and disturbance irdésv Of these drivers, rainfall seasonality
497 has a strongly contrasting effect on both. The messaf savanna and non-savanna are
498  compelling evidence that these are distinct, adtitve ecosystem states as has been suggested in
499 the literature (Sternberg, 2001; Warman & Moles, 090 In contrast, the mechanisms
500 maintaining the arid limits are less clear, althowagross Africa it appears that disturbance-

501 centered feedbacks involving mega-herbivores areiar
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List of figures

Figure 1. The probability of savanna occurrence and theualnprobability of fire
occurrence as derived from our analyses of vegetatiaps and MODIS fire data

across continental rainfall gradients of a) Afribj/Australia and c) South America.

Figure 2. Predicted effects of environmental correlatessavanna presence derived
from gnm analyses. The global model from each efdhalysis of arid and mesic
savannas was used to estimate the predicted mdgrand direction of the effects of:
Effective rainfall for a) arid and b) mesic savanRainfall seasonality for the c) arid
and d) mesic savanna; Soil Fertility for the e)daand f) mesic savannas; and,
Topographic Complexity for the g) arid and h) mesiwannas. For each of Africa,
Australia, and South America the median value bb#iler environmental correlates

was kept constant to predict the effect size oheaxrelate in turn.

Figure 3. Observed and predicted extent afsavannas across Africa, Australia and
South America. a) The observed extent of savanrsmapped as a product of the
classification process outlined in the methodsTig predicted extent of,Gavannas

ranges from 0 to 100% with increments of 20% indgiseof grey.

Figure 4. Predicted distribution of Jsavanna from best fit models for each continent.
Vegetation was predicted from a generalized nosalinmodel run for a single
continent containing the variable MAP-PET, RS, $id &C and mapped onto this
and the other two continents. Figures show moddbfi (A) African savannas, (B)
Australian savannas, and (C) South American sawwanDark grey represents

represents a > 50% chance of savanna occurringpaedgrey corresponds with a >
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50% chance of closed canopy formations, regarddésshether these are tropical

forest, tropical dry forest or semi-arid thicketslashrublands.

Figure 5. a) Graphical representation of the effect of sedources on the time
required to reach the non-flammability thresholds®urce availability determines the
rate of canopy closure, so the time required tachean alternate stable state is
considerably shorter for the high-resource envirenimthan for the low-resource
environment and b) examples of the time requiredetch canopy closure where
different probabilities of fire operate. Fore exde®.5 corresponds to the probability

of a fire event occurring one in two years.

List of tables

Table 1 Model rankings from the gnm analyses of the amd mesic transitions

showing the top-ranked)AICc< 10), uni-variate and null models.

Table 2 Split conditions identified by a regression trae on points across the mesic
and arid transitions (with continent included daaor). “Total points” represents the
total number of points in each split category. Addeen is the percentage of points on
each continent that were correctly classified bghesplit. Some sets of environmental

conditions were not represented on all continents.
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Figure 5.
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Table 1. ARerr model results for the arid and mésinsitions

Arid transition

Mesic transition

Model Rank  QAICc DeltaQAICc  %DE Model Rank  QAICc DeltaQAICc  %DE
RPET+SF+RC+TR+CONT 1 4986.71 0.00 26.99 RPET+RC+TR+CONT 1 4526.78 0.00 22.60
RPET+SF+RC+CONT 2 5019.38 32.67 26.36 RPET+SF+RC+TR+CONT 2 4527.48 0.71 22.63
CONT 18 5477.52 490.81 17.87 RPET 22 4832.28 305.50 16.53

RC 23 5600.38 613.67 15.58 RC 24 4875.19 348.41 15.70

RPET 28 6132.52 1145.81 5.85 CONT 28 514249 615.71 10.55

TR 29 6384.10 1397.39 1.25 SF 30 5414.30 887.52 5.25

Null 31 6450.53 1463.82 0.00 TR 31 5626.55 1099.77 1.13

SF 32 6451.17 1464.45 0.02 Null 32 5683.04 1156.26 0.00
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Table 2.

MESIC TRANSITION: Split Total  Veg class Y% correctly classified
points
Overall Accuracy = 0.34, Cohen’s Kappa = 0.62 (p < 0.001) AFR AUS S5.AM
Rain concentration < 52 #1 1760 Not savanna 82 78 80
Rain concentration > 52 Rain-PET > 570 TEB > 1.1 #2 66 Not savanna 69 100 T8
TEB < 1.1 #3 67 Savanna B - 76
Rain concentration > 52 Rain-PET < 570 #4 509 Savanna 85 92 76
ARID TRANSITION: Split Total  Veg class % correctly classified
points
Overall Accuracy = 0.64, Cohen’s Kappa = 0.32 (p < 0.001) AFR AUS SAM
rain-PET < -760) continent = SAM #5 52 Not savanna - - 98
continent = AFR or AUS Rain concentration < 72 TEB < 30 #6 2087 Not savanna 92 85 -
TEB > 30 #T 47 Savanna 50 T4 -
Rain concentration > 72 #8 1484 Savanna 79 66 -
Rain-PET > -760 Rain concentration < 38 #9 1727 Not savanna 94 52 T8
Rain concentration > 38 #10 4483 Savanna 76 35 58
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