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1. Livestock limits fire frequency and shapes tree cover across the
global tropics and subtropics. (this thesis)

2. Inthe subtropical grasslands of Uruguay, sparse trees improve
forage quality and abundance. (this thesis)

3. If the millennia of human impact were considered, societies
would develop a different appreciation of their environment.

4. The contribution of science to policy making is often limited by
the scientist™ ability to understand the needs of the participants
in the political process.

5. A positive feedback between increasing inequality and the
deterioration of democracy can result in regime shifts in political
and economic systems.

6. A philosophy in which humans are one with nature is necessary
to build sustainable societies.
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Chapter 1

General Introduction

In the last few thousand years, humans have become the most significant factor in
modifying planetary conditions, and their effects on ecosystems are widespread, even in
areas previously considered pristine (Pandolfi et al. 2003, Steffen et al. 2007, Barlow et
al. 2012). Terrestrial ecosystems across the planet are being shaped by climate change
and human activities, which can fundamentally alter composition and structure of plant
associations (Chapin 1Il et al. 2000, Pearson and Dawson 2003, Walther 2010).
Preventing or managing these changes and their consequences in terms of ecosystem
services (Foley et al. 2005, MEA 2005) requires understanding how ecosystems are
affected by environmental conditions and how resilient they are to external changes
(Chapin 111 et al. 2009, Scheffer et al. 2015). However, in many ecosystems, these

questions are far from answered.

Determinants of tree cover

The distribution of forests, savannas and grasslands has been studied since the first
observations by early ecologists that related ecosystem structure to local environmental
conditions (Von Humboldt and Bonpland 1807, Darwin 1890). The key role of climate
for the distribution of terrestrial biomes, and particularly, the strong correlation between
tree cover and annual rainfall, has long been established (Whittaker 1970, Woodward et
al. 2004, Sankaran et al. 2005). Climate conditions are generally accepted as a main

determinant of the dominant plant ecosystems, conditioning plant interactions, dispersal



processes and evolutionary trajectories (Pearson and Dawson 2003). In the tropics,
regions above ~ 2000 mm of mean annual rainfall are mostly occupied by rainforests,
which are characterized by a closed tree canopy that prevents the formation of a grassy
understory (Whittaker 1970, Bucini and Hanan 2007, Hirota et al. 2011, Ratnam et al.
2011, Staver et al. 2011). As precipitation decreases, tree cover becomes sparser, and
savannas and grasslands become dominant (Whittaker 1970, Bond and Parr 2010,
Lehmann et al. 2011, Parr et al. 2014, Veldman et al. 2015). Grasslands and savannas can
be defined by having a prevalence of grasses, mostly belonging to the Poaceae family,
and absence or low cover of woody vegetation. In general, these grassy biomes develop
under arid conditions, and often have high disturbance regimes of fire and herbivory
(Gibson 2009). The view of climate determinants as the main explanation for ecosystem
distribution has been widely accepted throughout the last century.

However, large regions of the world show a discrepancy between their tree cover
and that predicted by climatic conditions (Bond 2005). This is particularly outstanding in
large grasslands in subtropical South America, where tree cover is sparser that what
would be expected from its precipitation regimes. This was first observed by Darwin in
the Voyage of the Beagle, who noted the “remarkable” and “almost entire” absence of
trees in Uruguay, despite the occurrence of enough precipitation (Darwin 1890).
Understanding the factors explaining tree cover has since then been a puzzling question

with highly significant ecological, social and economic consequences.

Explaining tree cover distribution requires taking into account the interplay of
resource availability, mostly determined by climate and soil features, the occurrence of
disturbances, such as herbivory and fire, and the local landscape features that can mediate
the effect of both. Indeed, interacting with regional climatic conditions, soils can also

influence tree cover. Edaphic properties such as organic matter, nutrient content and water



retention capacity can determine access to resources affecting tree establishment and
growth, thus modifying the relationship between trees and grasses (House et al. 2003,
Lehmann et al. 2011, Mills et al. 2013). Resource availability has been found to influence
the interplay of facilitation or competition between trees and grasses at the early stages
of tree development, thus affecting tree cover (Scholes and Archer 1997, Callaway 2007,
February et al. 2013).

Disturbances are also known to shape tree cover. Grassy biomes have adapted to
a high frequency of disturbances, i.e. fire and herbivory (Gibson 2009). Fire has a well-
known effect of tree suppression in favor of grasses, and may be a key mechanism
explaining the perceived lack of linear response of tree cover to increases in rainfall.
Indeed, recent studies of multi-modalities in the frequency distribution of tree cover and
height suggest that forests, savannas and grasslands may be alternative states of tree cover
over the same wide range of precipitation (ca. between 1000-2000 mm year™) (Hirota et
al. 2011, Staver et al. 2011, Xu et al. 2016). A positive feedback between fire and
vegetation, that involves a cycle of rapid production of grass after the occurrence of a fire
resulting in more fuel for future fires, has been suggested as a main mechanism
controlling the distribution of tropical savannas (Sankaran et al. 2005, Archibald et al.
2009, Hirota et al. 2011, Staver et al. 2011, Hoffmann et al. 2012, Murphy and Bowman
2012). This process may thus explain the occurrence of savannas and mosaics of forests
in grasslands across regions with enough precipitation to sustain forests (Sankaran et al.

2005, Blanco et al. 2014).

The grass-fire feedback interacts with the availability of resources, such as soil
fertility, determined by landscape gradients which can plausibly affect the probability of

transitions between states. However, there are several hypothesis on how disturbance and



10

resource interactions determine tree cover and the matter is still under debate (Murphy

and Bowman 2012, Quesada et al. 2012, Staal and Flores 2015, Dantas et al. 2016).

Disturbance by herbivory also plays a significant role in shaping vegetation
community structure and taxonomic and functional composition through different
mechanisms (Walter 1971, Prins and van der Jeugd 1993, Scholes and Archer 1997,
Asner et al. 2004, Asner et al. 2009, Staver and Bond 2014). Herbivores can reduce
woody cover by browsing and trampling on trees, particularly during the early growth
stages (Huntly 1991, Griscom et al. 2005, Chaturvedi et al. 2012, Holmgren et al. 2012,
Etchebarne and Brazeiro 2016). On the other hand, herbivores can promote tree expansion
through seed dispersal (Walter 1971, Scholes and Archer 1997). By consuming grasses,
herbivores can also affect fire regimes, altering the mechanisms that are thought to
determine tree cover states (Archibald et al. 2005). By reducing grass biomass that serves
as fuel for fire, grazers can disrupt the grass-fire feedback that prevents the growth of
trees. These mechanisms could potentially facilitate woody encroachment into
grasslands, a current global trend (Roques et al. 2001, Naito and Cairns 2011, Hoffmann
etal. 2012).

Herbivory regimes have changed since livestock domestication by humans.
Managed grazing is today the largest human land use, even more extensive than
agriculture, spanning over one third of the global surface and over half of the world’s
savannas and grasslands (Asner et al. 2004). In many regions of the world, livestock has
replaced wild fauna as the dominant herbivore, with significant effects on vegetation of
grasslands and savannas (Belsky and Blumenthal 1997, Macias et al. 2014). Despite these
potential effects, a systemic analysis of the overall effects of livestock on vegetation and

fire dynamics on tropical and subtropical systems is lacking. Given the extent of livestock



11

systems across the world, it may be a major force in shaping terrestrial biomes that has
not been adequately considered so far.

This section presented an overview of the different determinants that can explain
tree cover distribution and forest — grassland transitions. Together with these variables,
explaining tree cover also requires addressing the scale at which the different variables
operate. The scale-dependency of the ecological mechanisms is accepted but still poorly
considered (Levin 1992). Intermediate scales are often neglected since most studies tend
to focus on either large-scale analyses of ecosystem types or on small-scale experimental
data. Specifically, this dissertation focuses on the factors explaining tree cover
distribution at multiple spatial scales, including intermediate scales, aiming to capture the
effects of variables that may otherwise be missed. It also considers temporal scales by
analyzing forest—grassland transitions over several decades, to overcome any limitation
that may result from using current tree cover distribution.

The potential for shifts between alternative tree cover states, together with trends
of woody encroachment into grasslands are deemed problematic due to potential
decreases in productivity of rangelands (Moleele et al. 2002, Van Auken 2009, Chaneton
etal. 2012, Ratajczak et al. 2012, Anadon et al. 2014b, Stevens et al. 2017). To understand
consequences of potential tree cover transitions, in the following section | look at the
effects of trees on grasses, focusing on the production of forage for livestock, the main

socio-economic use of grasslands in subtropical South America.

Effects of trees in grasslands
Trees in grasslands can impact ecosystem structure and function, with consequences on
ecosystem services. Trees can locally change microclimate conditions, water availability,

soil properties, and disturbance regimes known to affect grasslands assembly (Holmgren
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et al. 1997, Scholes and Archer 1997, Callaway 2007, Dohn et al. 2013). Woody
expansion can progress to form dense or closed canopies that can suppress grasses by
limiting light (Archibald et al. 2005, Bond 2016). This reduction in grass biomass can in
turn impact livestock productivity, an often lead to significant problems in rangelands
(Van Auken 2009, Eldridge et al. 2011). On the other hand, trees can facilitate the growth
of herbaceous plants through various mechanisms including local cooling and reduced
evaporation, increased underground water uptake by hydraulic lift (Ludwig et al. 2003,
Neumann and Cardon 2012), symbiotic nitrogen fixation in the case of leguminous trees
(Stacey et al. 1992), and changes in soil microbiota (Huxley 1999). Trees can also
improve forage quality and abundance in rangelands, indirectly increasing nutrient
content and growth of palatable species (Jackson et al. 1990, Jackson and Ash 1998,
Treydte et al. 2007, Ludwig et al. 2008, Gea-lzquierdo et al. 2009, Peri et al. 2016). The
availability of resources is thought to determine the nature of interactions between trees
and grasses. In drier regions where resources are scarce, facilitation between trees and
grasses may be more relevant than competition, but the nature of this interplay in sub-
humid environments is less understood (Callaway 2007, Holmgren and Scheffer 2010,
Dohn et al. 2013).

In particular, little knowledge exists about the effect of trees in the grass layer in
the mixed C3-C4 grasslands of subtropical South America. Extensive livestock is the
main economic use of these old-growth grasslands (Veldman et al. 2015), and any impact
on the capacity of these ecosystems to sustain livestock production may result in large
socio-economic effects, with some analysis suggesting strong negative consequences
(Anadon et al. 2014b). These concerns reinforce ranching and farming cultural views that
regard trees as a nuisance for agricultural activities, with negative perceptions of the

expansion of trees into grasslands (Holmgren and Scheffer 2017). Consequently, in this
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thesis | analyze the effect of trees in the abundance and quality of forage in the understory

of rangelands, to better understand potential consequences of tree cover transitions.

Thesis scope and study area

The main hypothesis of this thesis is that disturbances play a major role in determining
the distribution and transitions between forests, savannas and grasslands in the tropics
and subtropics, and that livestock in particular has a significant role in shaping these
ecosystems, by reducing fire frequency and limiting tree expansion into grasslands. I also
hypothesize that trees can have positive local effects on the understory herbaceous layer,

thus enhancing some of the ecosystem services of rangelands.

This dissertation focuses first on the extensive subtropical grasslands of
southeastern South America, and the Uruguayan Savanna Ecoregion, locally known as
“Campos” (Olson et al. 2001). These “old-grown” grasslands (Puerto et al. 2013,
Veldman et al. 2015) extend across Uruguay and are an ecotone between tropical systems
in Brazil and the temperate grasslands of Argentina, with high diversity of herbaceous
and tree species (Overbeck et al. 2007, Haretche et al. 2012). We then expand our analysis
to the global tropics and subtropics, aiming to generalize some of our results at the global

scale.

Thesis outline

This thesis focuses on the factors that explain tree cover distribution in grasslands and
savannas. With my co-authors, I combined correlational remote sensing and ground data
of tree cover distribution at several spatial scales in subtropical South America,

cartographic data of forest change along a 40 year period in the grasslands of Uruguay,
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and field data of tree-grass interactions to assess potential local consequences on forage
for livestock. Finally, the scale of analysis was expanded to the global tropics and
subtropics, looking for generalizations of main findings at the global scale. The thesis is
organized in the following chapters:

Chapter 1 (this chapter) provides an introduction to the general concepts and state

of the art on the issues addressed by this thesis.

In Chapter 2, | analyze the potential determinants of tree cover considering
environmental conditions and land use regimes. Further, 1 explicitly considered the scale
dependence of these associations. To this aim, | used remote-sensing and ground
information together with spatial regression models to relate tree cover to resource
availability (i.e. climate, soil fertility, soil water holding capacity), disturbance regimes
(i.e. fire occurrence, cattle grazing) and landscape features (i.e. topography, distance to
rivers). | analyzed this relationship for different scales in South America, i.e. the Campos
of Uruguay and Brazil (Uruguayan Savanna Ecoregion), a larger region comprising the
subtropical region in southeastern South America, and the whole southeastern South

America with the same rainfall levels as the Campos region.

In Chapter 3, | focus on the observed change in forest cover during a 44-year
period in the Campos of Uruguay. Using forest cartography combined with present and
historical information, we modeled tree cover changes as a function of ecological and
land use variables, attempting to explain transitions between grasslands and forests in the

context of coupled socio-ecological systems (Liu et al. 2007).

In Chapter 4, | analyze the local interaction of trees and grasses, aiming to
understand potential impacts of trees in the composition, abundance and nutritional

quality of the grass layer under trees. To this aim, herbaceous composition, abundance
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and chemical contents under and outside isolated trees in 12 sites with different grazing

intensity were sampled in the subtropical Campos rangelands of central Uruguay.

In Chapter 5, standing on previous results, | focus on fire frequency and its
relationship with livestock at the largest scale. Specifically, | used remote sensing and
ground data on fire frequency, woody height and cover, climate and livestock to analyze
the effects of livestock on fire regimes, and the changes in vegetation associated to the

density of livestock in the tropics and subtropics across continents.
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Why are forests so scarce in subtropical South America?

The shaping roles of climate, fire and livestock
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Abstract

Forest cover is notoriously sparse across neotropical Southeastern South America. In
particular, the practically treeless landscapes of the Campos, as they are locally known,
have puzzled ecologists since Darwin’s time. We used remote-sensing information and
spatial regression models to relate tree cover to resource availability (i.e. climate, soil
fertility, soil water holding capacity), disturbances (i.e. fire occurrence, cattle grazing)
and landscape features that can mediate the effects of both (i.e. topography, distance to
rivers). To better understand these relationships, we conducted the analysis at different
spatial scales across non-cultivated areas of southeastern South America. Overall, tree
cover in southeastern South America increases with precipitation but is limited by
livestock grazing and fire occurrence. Forests are concentrated close to rivers, especially
in the Campos region, where cattle grazing seems to prevent tree expansion into the

grasslands.

Keywords: Campos, cattle, rangelands, savanna, tropical tree cover, woody

encroachment.

Introduction

The extensive grasslands of the Uruguayan Savanna Ecoregion, also known as Campos,
represent a regional ecotone between the subtropical and tropical forests and the
temperate grasslands of South America (Soriano 1992, Olson et al. 2001). These
practically treeless landscapes have fascinated ecologists as far back as the 19th century.
Darwin, during the voyage of the Beagle, noted the “general, almost entire”, “remarkable”
absence of trees in Uruguay despite the relatively high rainfall level (Darwin 1890). This

strong correlation between increasing rainfall levels and higher tree cover has long been
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recognized (Whittaker 1970, Woodward et al. 2004, Sankaran et al. 2005). More recently,
analyses at global scales have found an increasing probability in the occurrence of
savannas and forests as mean annual precipitation increases (Hirota et al. 2011, Staver

and Hansen 2015).

The treeless landscapes of southeastern South America are likely the combined
result of past and current processes. It has been suggested that large areas of grasslands,
in today’s moister climate, may be relicts of drier periods (Pillar and Quadros 1997) that
were common in the past 13,000 years (Piovano et al. 2009). Indeed, trees and shrubs
have expanded locally across the region during the moister climate condition of the last
century suggesting the potential for larger tree cover under the current moister climate
(Gautreau 2010, Miller et al. 2012, Anaddn et al. 2014a). Anthropogenic effects may also
play an important role in explaining this process (Lauenroth 1979, Sala 2001, Lemaire et
al. 2005), as suggested by the expansion of shrubs and trees in sites where fire or grazing
have been excluded (Pillar and Quadros 1997, Oliveira and Pillar 2004, Overbeck et al.

2007, Chaneton et al. 2012, Miiller et al. 2012, Cingolani et al. 2014, Lezama et al. 2014).

To understand the large scale patterns of tree cover across the Campos region, we
analyzed the distribution of tree cover in relation to resources (i.e. climate, soil fertility,
soil water holding capacity), disturbances (i.e. fire occurrence, cattle grazing) and
landscape features (i.e. topography, distance to rivers). We compared the patterns of the
Campos with those of subtropical and tropical regions in southeastern South American
(SSA) within the same precipitation range than the Campos. These large scale analyses
aim to unravel the common processes that contribute to shape the structure of distinct
plant communities regardless of their differences in species composition. The climate of
this region has become moister and warmer during the last century (Haylock et al. 2006),

a trend that is expected to continue with climate warming (Marengo et al. 2010, Stocker
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et al. 2013) and that can favor tree growth. Understanding how climate and disturbance
regimes interact today may contribute to anticipate potential changes in one of the world’s

most important rangelands.

Materials and methods

Study regions

We studied tree cover distribution in the Uruguayan Savanna ecoregion (NT0710) (Olson
et al. 2001), formed by the entire Uruguay and southern Brazil (hereafter the Campos as
it is locally known, Fig. 2.1). Mean annual precipitation in the Campos ranges between
1000 and 1900 mm (period 1961-2002; Climatic Research Unit database) (Jones and
Harris 2013). We also analyzed the wider region within the same precipitation range than
the Campos (1000-1900 mm), covering 1) the subtropical range delimited using the
subtropical regions (Cf and Cw) in the original Képpen-Geiger classification, currently
described as warm temperate, humid or winter-dry regions in updated classifications
(Kottek et al. 2006, Peel et al. 2007); and 2) expanding the analysis following the 1000
and 1900 contours beyond the subtropics to include the tropical regions of southeastern
South America (hereafter SSA) (14-38S and 62W-Atlantic Ocean, Fig. 2.1). Areas with
precipitation outside the 1000-1900 mm range within both the subtropical and tropical
ranges of southeastern South America were excluded from the analysis. These regions
have the same precipitation range than the Campos but a wider variation in environmental
conditions, enabling us to assess the potential interacting role of other drivers with
precipitation. We did not include cultivated or urban areas where the original vegetation
cover has been lost, therefore we did not assess forest conversion to cropland or

urbanization, which are well-known primary causes of forest change.
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Tree cover and environmental variables

We related tree cover to environmental variables describing resource availability
(climate, soil fertility), landscape features, and disturbance regimes (grazing and fire
occurrence) (Table A.2.1). Tree cover was obtained from the Landsat vegetation
continuous fields (VCF) with a 30-m resolution (Sexton et al. 2013). This dataset is
particularly suitable for areas with sparse vegetation (Hansen et al. 2003, Hansen et al.
2005, Sexton et al. 2013, Staver and Hansen 2015). We also used the tree cover dataset
from the Modis Mod44b VCF Collection 5 with a resolution of 250 m (DiMiceli et al.
2011), using the quality assurance layer to exclude those pixels with low quality on two
or more input surface reflectance files (Townshend et al. 2011), and obtained the same

results (data not shown).

Climatic variables included mean annual precipitation (MAP), mean annual
temperature (MAT), precipitation seasonality measured by the Markham seasonality
index (MSI) and interannual variability based on the Standardized Precipitation Index
(SPI). We used the SPI to estimate the percentage of severely wet (SPIW) and dry years
(SPID). The SPI is defined as the number of standard deviations above or below the
climatological mean precipitation. Because we were interested in evaluating inter-annual
variability, SP1 values were calculated for each year as the deviations of the yearly mean
precipitation from the long-term MAP for the period from 1961 to 2002 (42 years). For
each pixel, we calculated the proportion of severely wet years with a SPI > +1.5¢ (SPIW)
and the proportion of severely dry years with a SPI<-1.5¢ (SPID) (Holmgren et al. 2013).
The SPI index has the benefit that, unlike other measures of variability, it has a low
correlation with the mean annual precipitation. All climatic data were derived from the

Climatic Research Unit (CRU) database (Jones and Harris 2013) and processed with
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Matlab. An assessment of the spatial autocorrelation of this dataset revealed high spatial
dependence up to scales > 1000 km, indicating that it adequately captures the climate

patterns in our region despite its relatively large resolution.

Since soil nutrients and water holding capacity can directly influence tree growth
(House et al. 2003, Mills et al. 2013), we assessed soil fertility as total exchangeable bases
(TEB) using the Harmonized World Soil Dataset (FAO-ISRIC 2010) and we considered
the Profile available water capacity (AWC) from the Global Gridded Surfaces of Selected

Soil Characteristics (IGBP-DIS 2000).

We considered two landscape features, altitude (ALT) and distance to rivers (DR)
that can affect propagule availability, resource availability and disturbance and therefore
indirectly influence tree growth (Stevens 1992, Turner et al. 2004). Altitude was obtained
from the Worldclim dataset (Hijmans et al. 2005). The distance to watercourses was
obtained from the HydroSHED database (Lehner et al. 2006) and was discretized in two
classes, below and above a distance of 1000 m. Preliminary analysis of tree cover
indicated that tree cover concentrated along rivers and decreased logarithmically with
increasing distance. Little average effect of rivers was found beyond 1000 m (data not

shown).

We assessed the effects of fire and livestock since both can strongly affect
vegetation structure and composition. Mortality by fire can be especially high among tree
juveniles (Bond 2008) and result in lower tree cover than climatologically possible
(Sankaran et al. 2008, Staver et al. 2011). Herbivores can either directly suppress trees
through grazing, browsing and trampling (Prins and van der Jeugd 1993, Holmgren et al.
2006h), or increase tree cover by suppressing grass competition with trees (Walter 1971)
and facilitating seed dispersal (Brown and Archer 1999). Moreover, fire and herbivory

effects can interact (Archibald et al. 2005, Holdo et al. 2009), for example if grazers
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reduce grass biomass and fire ignition, disrupting the feedback between fire and grasses
and favoring trees (Scholes and Archer 1997, Van Langevelde et al. 2003, Staver et al.
2009). Cattle is the main domestic livestock present in our study regions. In southeastern
South America, cattle and livestock densities are highly correlated. Pearson’s correlation
between cattle and tropical livestock units, where all ruminants are converted into a
standard animal unit (FAO 1999), was g = 0.998. Cattle and livestock densities were
obtained from the FAO Gridded Livestock of the World dataset (Wint and Robinson
2007, Robinson et al. 2014). We used data corresponding to the Gridded Livestock of the
World v 2.01, since there have been improvements in the dataset (Robinson et al. 2014).
FAO data from the year 2000 did not produce different results. The FAO densities are
obtained by modeling the livestock densities as a function of environmental variables.
This is done within subnational administrative units, and the total value per unit,
corresponding to subnational statistics, is maintained. To avoid replication of nested
variables in our model, we averaged the model values over the administrative unit levels
corresponding to the original data (or averaged model estimates if subnational statistics
were missing). Places with an altitude higher than 1200 m were excluded from the

analysis.

Fire occurrence was derived from the MODIS MCD445A1 Burned Areas
Monthly product (Roy et al. 2008) and calculated as the number of burns over a 10-year
period (2000-2009). We used the quality layer in the dataset to exclude pixels classified
in category 4 (less quality) and category 5 (agricultural areas), since the product is less

reliable for these two classes (Boschetti et al. 2009).

All variables were re-projected using Albers equal area conical projection and
resampled to a 250 m resolution, matching the Modis cell values. We then used the

centroid of each cell to extract values. We randomly selected 10.000 points for the
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southeastern South America (SSA) region, with subsets of these points corresponding to
the subtropical and the Campos region (4000 and 1000 points). For all study regions we
used the Global Land Cover map (Bartholomé and Belward 2005) to filter out areas
corresponding to water (GLC codes:20-21), urban, cultivated and managed areas (codes:
16, 22) and mosaics of cultivated and natural areas (codes: 17-18). The GLC2000 was
produced using the Land Cover Classification System (LCCS) methodology, which is
based on a series of dichotomous phases to classify land cover, including the distinction
between managed and natural areas. Managed areas include “all vegetation that is planted
or cultivated with an intent to harvest [...] (e.g., wheat fields, orchards, rubber and teak
plantations)” (Di Gregorio and Jansen 2000). We therefore retained natural vegetation
such as non-cultivated native grasslands while leaving out cultivated areas including tree

plantations.

Modeling tree cover

We used spatial models to relate tree cover to the environmental and human-related
variables for the Campos and for the wider study regions in southeastern South America
with the same precipitation levels. We fitted spatial models for natural areas (filtering out
cultivated and managed areas and mosaics). To approach normal distributions the
fractions of tree cover were arcsine-square root transformed. We used spatial generalized
least squares (GLS) models with a spatial correlation structure in residuals (Zuur et al.
2009). Analyses were performed in R with the packages MuMIn, MASS, psych, nlme,
lattice, gstat and graphics. We assessed five different spatial correlational structures:
exponential, gaussian, linear, rational quadratic and spherical (Zuur et al. 2009). The
correlational structures were assessed using the Akaike Information Criteria (AIC).

Spatial autocorrelation was best accounted by an exponential decay for all study regions.
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For the SSA region, explanatory variables were not strongly correlated to each
other (Pearson correlation; p< 0.5). All variables were considered in the model
construction and those showing the highest correlation where tested independently. In the
case of the Campos, precipitation and temperature were highly correlated (Pearson
correlation; p > 0.85), as well as precipitation with MSI and altitude (Pearson correlation;

p >0.5). These variables were analyzed independently but were not retained by the model.

GLS models with different correlational structures were ranked using AIC for the
Campos, subtropical South America and the whole SSA. We compared AIC of all models
composed uniquely of statistically significant variables, starting with each one of them
and adding the rest through a stepwise forward selection. The model with least AIC, and
with more than two units of difference with other models, was retained. The goodness of
fit of the model was calculated based on the log likelihood-ratio test with the function
“r.squaredLR” of the package MuMIn. The value was adjusted with Nagelkerke

modification so that R2 achieves 1 at its maximum (Nagelkerke 1991).

Results

Tree cover in southeastern South America increases with precipitation and decreases with
cattle density and fire occurrence (Fig. 2.1, Fig. A.2.1). These results were consistent for
subtropical South America and across the wider southeastern South America (Fig. 2.1).
We did not detect significant effects of temperature, rainfall variability (within or between
years), soil features (nutrient availability or water holding capacity), or landscape features
(distance to rivers or altitude). We found that the effects of cattle density and fire
occurrence change along the precipitation gradient. At intermediate levels of mean annual

precipitation (roughly between 1000-1500 mm), fire occurrence is lower in sites with high
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cattle density (Fig. 2.2). In contrast, at higher rainfall (MAP > 1500 mm), fire frequency

increases in sites with high cattle density.

Tree cover within the Campos was best explained by the proximity to rivers
(Fig. 2.1). Within this ecoregion, we did not find significant differences in tree cover that

could be related to climate, soil characteristics, altitude, cattle density or fire occurrence.
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Uruguayan Savanna Ecoregion (Campos)
(MAP: 1000-1900 mm)

Final model: Tree cover ~ DR

R2=0.20, AIC = 147

Variable Coefficient P-values

Distance to rivers (DR) 0.137 <0.0001

Subtropical South America (MAP: 1000-1900 mm)
Final model: Tree cover ~ MAP - CD - FO

R?2=0.41, AIC = 2854

Variable Coefficient | P-value
Mean annual precipitation (MAP, [ 0.0050 0.0009
mm) -0.0028 0.0001
Cattle density (CD, units km?) -0.075 0.008
Fire occurrence (FO, #)

Southeastern South America (MAP: 1000-1900 mm)
Final model: Tree cover ~ MAP - CD - FO

R?=0.42, AIC = 5256

Variable Coefficient | P-value
Mean annual precipitation (MAP, | 0.00025 0.079
mm) -0.0028 <0.0001
Cattle density (CD, units km?) -0.085 <0.0001 N

Fire occurrence (FO, #)

Kilometers ﬁ\ =
0 700 i
{ S VA | v

Figure 2.1: Tree cover distribution and explanatory drivers. Left panel: Generalized least
squares spatial models for tree cover percent (arcsine square-root transformed; Landsat data).
Region of analysis expands from top to bottom. Top: Uruguayan Savanna Ecoregion (Campos);
Middle: subtropical South America (delimited by Koppen-Geiger subtropical regions); Bottom:
southeastern South America (delimited by 14°S, 62°W and the Atlantic Ocean). Mean Annual
Precipitation (MAP) ranges within 1000-1900 mm in all three regions. Gray areas have

precipitation levels outside the 1000-1900 mm range and were excluded from the analysis
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Discussion

Our results suggest that the extent of tree cover in southeastern South America is
explained by the combined effects of precipitation, cattle density and fire occurrence.
These regional patterns are consistent with local field experiments demonstrating that
cattle limits seedling establishment of trees and shrubs (Oliveira and Pillar 2004, Altesor
et al. 2006, Cesa and Paruelo 2011, Cingolani et al. 2014, Lezama et al. 2014, Macias et
al. 2014) and with historical and field evidence from southern Brazil (Pillar and Quadros
1997). Comparable effects of cattle have been found for some African ecosystems (Bucini
and Hanan 2007). Our results contribute to bridge the local experimental findings with
large-scale landscape patterns, adding new evidence on the role of livestock in

determining vegetation patterns in southeastern South America.

The interaction between livestock and fire is complex. On one hand, grazing by
livestock can reduce fire occurrence by depleting grass fuel loadings and therefore
indirectly promote woody plant encroachment. On the other hand, grazers that consume
young seedlings and trample on tree juveniles can limit tree recruitment and therefore
promote grasses and fire (Scholes and Archer 1997). In SSA, cattle seem to constrain fire
at intermediate levels of precipitation (i.e. 1000-1500 mm; Fig. 2.2). Here cattle may be
able to remove enough grass biomass decreasing fuels and fire occurrence. This may
explain the outstanding low fire density that has been noted for the Campos of Uruguay
even when fire is often used as a managing tool to improve pasture quality (Di Bella et
al. 2006). The Campos would therefore be mostly in a “grazer-driven” state (as opposed
to a “fire-driven” state), with livestock reducing biomass and fragmenting fire
connectivity by maintaining grazing lawns (Leonard et al. 2010, Hempson et al. 2015b).
In contrast, highly grazed sites in wetter areas (MAP > 1500 mm) burn more often than

sites with lower grazing pressure. A plausible explanation is that livestock maintains the
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landscape open despite levels of precipitation that would allow denser tree cover. Also
intentional burning may be used as a management tool to prevent woody plant

encroachment (Fearnside 1990, Mistry 1998).
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Figure 2.2: Mean fire occurrence along the gradient of mean annual precipitation in
subtropical South America. Values are fire records for the period 2000-2009, averaged at 50
mm precipitation intervals. Bar plots show the effect of cattle on fire occurrence expressed as the
difference in average fire occurrence between sites with higher and lower grazing for each

precipitation interval.

The results for the Campos compared to the rest of southeastern South America

highlight the importance of the scale of analysis when addressing ecological patterns and
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the putative mechanisms involved (Levin 1992, Pifieiro-Guerra et al. 2014). Our
regression models did not detect any significant effects of climate or disturbance regimes
on tree cover in this ecoregion, despite their significant role at the larger spatial scales.
Cattle densities throughout the Campos (mean ~ 60 cattle units.km?) are above the
average in southeastern South America (mean ~ 40 cattle units.km2). Cattle is raised
extensively and its loads are usually determined empirically (Deregibus 2000) which
often results in overgrazing during periods of lower precipitation (Nabinger et al. 2000,
Peel et al. 2007). Our results suggest that the very high cattle densities throughout the
Campos region may be preventing tree cover expansion. This pattern could only be
detected by comparing the effects of cattle grazing in the Campos with the neighboring

areas of southeastern South America under the same rainfall levels.

Tree cover in the Campos increases closer to watercourses. The concentration of
tree cover along rivers may be partly a legacy of the past, when trees may have found
moister refuges during dry periods (Chaneton et al. 2012, Miller et al. 2012) when trees
may have found a water- refuge along the rivers. This is consistent with the remarkably
high tree and shrub species richness of this region (Haretche et al. 2012). The current
distribution of trees close to rivers and creeks can therefore result from the combined
legacy effect of a drier past with the present disturbance regimes imposed by livestock.
We echo Chaneton et al. (2012) plea for integrating the findings in a common framework
that understands current tree cover as the result of past and current filters that shape the
species pool, seed dispersal, and the abiotic and biotic mechanisms that affect seedling
establishment and tree recruitment. Our analysis identified key environmental filters that
contribute to explain the extent of tree cover across South American grasslands. Future
field experiments could evaluate the relative importance among these environmental

factors across the different regions compared here. These future analyses would help also
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separating the role of functional traits since large differences in taxonomic and functional

composition exist among plant communities in these regions.

Changes in tree cover on current grasslands have deep ecological and social
implications. The grasslands of South America provide key ecosystem services (Barral
and Oscar 2012), have high importance for agricultural production and support the
majority of livestock production in the region (Suttie et al. 2005). Given the relevance of
anthropogenic drivers in these grasslands, further studies to understand the mechanisms
of tree cover change under different land-use practices and climate conditions could
contribute to enhance the resilience of these ecosystems and sustain the provision of
environmental services. Our analyses are relevant to understand the dynamics of grassy
biomes on Earth’s where fire and herbivory could strongly shape vegetation patterns
(Bond 2005). Recent remote sensing information and global databases provide the large-
scale analysis needed to assess some of the missing pieces of the puzzle assembled by

early ecologists.

Conclusions

Our results highlight the importance of precipitation, fire and livestock in shaping tree
cover in southeastern South America. Specifically, they suggest that tree cover increases
with precipitation but is limited by cattle grazing and fire occurrence. Notably, the
detection of these determinants was possible only when considering complementary
scales of analysis. Our results suggest that cattle grazing prevents forest expansion from

rivers into subtropical grasslands despite the reduction in grass fuel and fire frequency.
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Appendix to Chapter 2 - A.2

Supplementary Material to the paper Bernardi, R.E., Holmgren, M., Arim, M. & Scheffer,
M. Why are forests so scarce in subtropical South America? The shaping roles of climate, fire

and livestock.
Includes:

Table A.2.1. Environmental variables used in the statistical models.

Figure A.2.1. Tree cover percent along environmental gradients in subtropical South America.
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Figure A.2.1. Tree cover percent along environmental gradients in subtropical South America a)
Tree cover percent along a gradient of mean annual precipitation. b) Landsat tree cover percent as a
function of cattle density. ¢) Landsat tree cover percent as a function of fire occurrence. Values from

1/5000 random samples in a 250m grid.
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Abstract

Grasslands and forests are prevalent across the Latin America landscapes, having a strong
connection with pre-Hispanic and contemporary societies. Congruently, the land use associated
with these ecosystems has a large role on economies at all scales from families to countries,
shaping socioeconomic and socio-ecological organization along the Americas. Recent studies
suggest that tropical and subtropical grasslands, savannas and forests represent alternative
ecosystem states that can shift depending on climate and disturbance regimes. The organization
of societies and its activities are major determinants of disturbance regimes and are therefore
major candidates to account for ecosystem transitions. We analyzed environmental variables
and the role of societies, through the changes in land use, fire regime and agricultural and
livestock management, on the direction and rate of forest-grassland transitions over a forty
five-year span in the Campos region, an extensive subtropical ecotone in South America. This

region has remarkably low tree cover despite relatively high precipitation levels.

We found that forests increased in drier areas, possibly favored by an increase in rainfall
during the last century, and decreased in areas with high cover of crop agriculture, a widespread
pattern in South America. Interestingly, forests increased in grasslands where livestock
densities have been reduced. The observed patterns were strongly associated to medium-scale
(hundreds of km) edapho-topographic conditions that broadly determined the main productive
land use. Our work shows that current regimes of fire and land use, including livestock grazing
can explain the large extent of grasslands, and that under present climatic conditions, changes
in land use regimes can trigger transitions between grasslands and forests or savannas, with

significant potential economic and ecological consequences.
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Introduction

Forests, savannas and grasslands extend through most of South America, with their distribution
strongly depending on climate and disturbance regimes (Bernardi et al. 2016b). Indeed,
precipitation was early identified as a confident predictor of dominant vegetation, with
increasing tree cover probability as mean annual precipitation increases (Whittaker 1970,
Woodward et al. 2004). However, there are ranges of precipitation in which alternative tree
cover and height modes could be observed—treeless, savannas, or forests (Hirota et al. 2011,
Staver et al. 2011, Xu et al. 2016). These levels of tree cover could represent alternative stable
states, with transitions among them determined by disturbances and resource availability, i.e.
fire (Sankaran et al. 2005, Hirota et al. 2011, Staver et al. 2011, Hoffmann et al. 2012) and
herbivory regimes (Sankaran et al. 2008, Bernardi et al. 2016b), or climate variability
(Holmgren et al. 2013). Despite an increasing body of work to understand these transitions, the

nature of the socio-ecological context that may trigger them is still not well understood.

Understanding the determinants of forest — grassland transitions is particularly relevant on
applied and theoretical grounds. From an applied perspective, these transitions could impact
the production and ecosystem services of biomes, with potential positive or negative effects
(Anadon et al. 2014a, Bernardi et al. 2016a). From a theoretical perspective, the very existence
of transitions and identification of its determinants now represents a fundamental issue for
alternative states theory in general (Scheffer 2009) and its relation with ecosystems transitions

in particular (Scheffer et al. 2001).

The Campos grasslands of Uruguay have remarkably low tree cover (~ 6%) for their
precipitation levels (~ 1200 mm). Notably, the precipitation level at the Campos is within the

range where alternative tree cover states are expected to be observed (Hirota et al. 2011,
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Anadon et al. 2014a). Further, this region is an ecotone between the subtropical Atlantic and
Araucaria Forests in Southern Brazil and the temperate “Pampas” grasslands of Argentina.
These “old-growth” grasslands of the Campos evolved during drier, colder periods in the
Pleistocene that were marked by frequent droughts (Behling et al. 2007, Piovano et al. 2009,
Jeske-Pieruschka et al. 2010, Puerto et al. 2013, Veldman et al. 2015). Since the Holocene,
reduction of large herbivores and increased fire frequency have been observed in the Campos
of southern Brazil, possibly associated to first human settlements (Behling et al. 2007, Blanco
et al. 2014). More recently, since the XVI century, livestock expanded to be the dominant
herbivore in these ecosystems. Humans have therefore exerted strong influence on these
systems, most notably through land conversion and the modification of disturbance regimes
that can affect tree cover states. Local experiments and observations have suggested that fire
and livestock may be limiting forest expansion in the region (Pillar and Quadros 1997, Miiller
et al. 2012, Blanco et al. 2014, Bernardi et al. 2016b, Etchebarne and Brazeiro 2016). In the
Campos, livestock densities are among the highest in South America and may also explain their
low fire frequencies (Di Bella et al. 2006, Bernardi et al. 2016b). Despite local experiments
and large — scale analysis of current tree cover distribution, to our knowledge no temporal
analyses of tree cover changes, spanning large temporal and spatial scales have been performed

in the region.

In this work we analyze changes in native forest cover in a 45-year period in the Campos
region of Uruguay, which covers approximately 80 % of the Uruguayan Savanna Ecoregion,
comprising also the Campos of southern Brazil. We attempt to identify determinants of
ecosystem transitions, relating forest change to socio-ecological variables known to determine
tree cover, i.e. climate, soil properties and topography, fire and livestock density, agricultural

land cover and road density.
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Methods

Tree cover and environmental variables

Forest change in Uruguay was estimated as the difference in forest cover between the forest
cartography of the year 2011 (MGAP 2012), based on Landsat images for that year and the
first forest cartography (MGAP 1979) that was hand-drawn based on the interpretation of aerial
images taken in 1966/67 (www.sgm.gub.uy). Scanned images of the first forest cartography
were georeferenced, projected in the Yacaré Global Coordinate System and quality checked
when original aerial images were available. We used a semi-automated procedure to convert
images into polygons. The error due to drawing accuracy for a scale of 1:250.000 was estimated
to be 125 m (0.5 mm). The root mean square error of the georeferencing procedure is lower
(~40 m) and can therefore be neglected (lliffe and Lott 2008, Kramer et al. 2011). All natural
forests in the first forest cartography were merged into a single category. Distortions in the
alignment of the aerial photographs were corrected using rivers as reference, although some
problems of alignment persisted, particularly in the north of the country, where fewer stable
points for the georeferencing were available (due to less settlements and roads). These
problems did not affect the total forest cover area. We did not considered commercial tree
plantations for any year. Analysis were done using the administrative land units of the
Agricultural Census, considering each unit a data point. We excluded census units with a
surface area below 100 km? or with urban land cover above 20 % to exclude periurban areas.
A total number of 184 units were included in the analysis, with an average Area of 850 km?

(SD + 490 km?).

We related forest cover change to climate, soil and topography, land use and disturbance

variables (Table A.3.1). Climate variables were averages for the period 1950 — 2000 (Hijmans
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et al. 2005). We used mean annual precipitation and mean annual temperature as known
determinants of tree cover (Whittaker 1970, Walter 1971). Coefficient of variation,
precipitation of the driest quarter and temperature of the hottest quarter were included as
indicators of seasonality and interannual variability, which can have an effect on tree cover in
South America (Holmgren et al. 2013). We used two widely used national soil indexes: the
soil productivity index CONEAT (Duran 1987) and the water holding capacity index (Molfino
and Califra 2001). Altitude and slope where obtained from the national database of the Ministry
of Agriculture and Fisheries (MGAP - http://www.snia.gub.uy/). In Uruguay, forests are mostly
associated to rivers (Bernardi et al. 2016b). Therefore, we considered river density as a
potential explanatory variable. River density was derived from the HYDROSHED database
(Lehner et al. 2006). We considered road density as an explanatory variable because it is
strongly associated to population and urban development (Cai et al. 2013). The road layer was
obtained from the Ministry of Transportation and Public Works (MTOP -
http://www.snia.gub.uy/), and road density was calculated with the Kernel density function in
Arcmap. Agricultural cover, a main driver of forest change, was derived from the land Cover
LCCS map (MVOTMA-MGAP-FAO 2008). Cattle and sheep densities for each census unit
for the period 2000-2011 where obtained from census data: (http://www2.mgap.gub.uy/
portal/page.aspx?2,diea,diea-principal,O,es,0). Livestock values where expressed in livestock
units (LU) of 380 kg equivalent standard weight. General conversion to livestock units for
cattle was 0.75 LU/animal and for sheep 0.17 LU/animal. Specific conversion factors were
used for each development stage of animals when available (Saravia et al. 2011). Average
decadal livestock values in the 1996-2011 period were obtained from the National Agricultural
Census for the 19 departments of the country and assigned to the census units of each
department to obtain changes in livestock densities. Fire frequency was derived from the

MODIS MCD445A1 Burned Areas Monthly product (Roy et al. 2008).
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Data analysis

To capture the main landscape features and their associated vegetation communities we
used existing classifications of seven major edapho-topographic sub-regions of the country
(Panario 1988, Modernel et al. 2016) (Fig. A.3.1). Each census unit was assigned to the sub-
region that covered most of its surface. These sub-regions were clustered in two groups with
agricultural cover above or below the national median value (~ 5%). We used ANOVA and t-
tests to test for forest cover change differences between these two regions with the stats and
t.test packages in R. Low agricultural areas included “Eastern Sierras” hill formations of the
east and northeast of the country, and the “Gondwanic sediment” northeast regions. It also
included the “Basalt” region, characterized by shallow soils over a basaltic geologic substrate
(Modernel et al. 2016). These regions are predominantly used for extensive livestock grazing
and have had less expansion of agriculture due to their relatively less productive soils. High
agricultural areas included the more productive soils of the west (“West Sediment”) and the
south (“Cristaline Shield” and “Graven Santa Lucia”), where most of the crop agriculture is
grown, and the plains of the Merin Lagoon (“Graven Merin”) to the east of the country which

have high cover of rice agriculture.

To relate tree cover change to explanatory variables we used a Generalized Linear
Model and the package bestGLM in R version 3.2.3 (McLeod and Xu 2011). Models were
compared using the Akaike Information Criteria (AIC). Plots show the relationship of tree
cover change with the predictor variables included in their respective models, and by ranking
models by their Akaike information criterion (AIC) indices. Dependent variables in plots were
transformed using the regression parameters, a method equivalent to the standard approach
consisting of plotting the partial residuals to visualize the effect of each single predictor

variable (Sibly et al. 2012).
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Results and discussion

Our analysis of forest cover change between 1966 and 2011 shows a relatively small
increase in forest cover (~5%) over the 45-year period. This increase would be congruent with
recent studies indicating a general trend of woody expansion occurring in the Campos and
Pampas (Baldi and Paruelo 2008, Gautreau 2010, Miiller et al. 2012) and also globally (Brown
and Carter 1998, Bond 2008, Gartzia et al. 2014, Stevens et al. 2017). Models oriented to
predict vegetation change from climate trends also support these empirical results (Cramer et
al. 2001). However, we found that this limited forest expansion has not occurred across the
whole Campos of Uruguay. Indeed, forest loss was observed across the west and southwest of
the country, and in the plains of the Merin lagoon to the east. These are regions with high
agricultural cover, and forest cover reductions were likely a result of the land conversion.
Uruguay has increased its agricultural crop production in the study period (from roughly
700.000 ha in 1970 to over 1.7 million in 2010) (DIEA-MGAP). Our analysis further indicates
a clear spatial structure in forest cover change. Besides the decrease in forest cover in the
agricultural areas in the west of the country, we observed an increase in tree cover in the Eastern

regions, mostly in hills and coastal plains (Fig. 3.1).

These patterns can indeed be explained by land use and environmental variables (Fig.
3.1): forest change was negatively associated to agricultural cover (p = 0.010), and positively

correlated with slopes (p = 0.015), road density (p = 0.032) and drier regions (p < 0.001).
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Kilometers

Best model with its AIC value Predictors Estimate P value

Forest change ~ f ( Agricultural cover, | Agric. cover -0.039 0.010

Road density, Precipitation driest Road density 3451 0.032

quarter, Slope) '
Precip. D4 -0.031 <0.001

2 _ —

x° =3636DF=4 Slope 0.68 0.002

R?=0.27

P <0.001

Figure 3.1. Forest cover change in Uruguay (1967-2011) and explanatory drivers. Areas with forest

loss in red and forest gain in green. Upper right map: census regions used as analysis units.
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Agriculture was as a main determinant of the rate of change in forest cover, but we also
analyzed it as an environmental variable related with changes at a larger scale. Forest cover
change significantly differed between edapho-topographic regions with agricultural cover
above and below the median country value (t = 2.29, DF = 182, p = 0.023) (Fig. 3.2). In regions
with relative high agriculture cover, represented by alluvial plains of the Uruguay river and the
Merin lagoon and the granitic formations at the center-south, forest cover decreased with

agricultural cover (B = -0.055, p = 0.0011) and with precipitation in the drier quarter (p = -
0.033, p < 0.0001) (xz =115.2, DF = 2, R? = 0.24, p < 0.001) (Fig. 3.2). Regions with relative
low agriculture cover comprised the hills to the east and northeast of the country and the
shallow basaltic regions of the northwest. There, forest cover increased with slope (B = 1.20,
p < 0.001), and decreased with mean annual precipitation (f = -0.014, P < 0.001) and with
livestock change (B = -0.21, p = 0.034) (y? = 335.13, DF = 3, R? = 0.39, p < 0.001) (Fig. 3.2).
These regions are predominantly used for extensive livestock grazing and have had less

expansion of crop agriculture due to their relatively less productive soils.



45

oo om
o

Tree cover change (%)
;o
@ o o G
@
T

6§ 4 2 0 2 1100 1200 1300 1400 2 El 4 5

Livestock change (LU km2) Mean Annual Prec. (mmsyr) Slope

Tree cover change (%)

Agricultural cover (%) MAP driest quarter. (mmiyr)

Figure 3.2. Forest cover change and drivers in regions below (green) and above (red) median
agricultural cover. Census Units of Uruguay were grouped into seven edapho-topographic regions that

where classified into two categories.

Dividing the Uruguayan Campos in regions with agricultural cover above or below the
median country values improved our understanding of environmental determinants associated
to the main medium-scale patterns of forest cover change. The increase in forest cover in areas
with steeper slopes was significantly associated to a reduction in livestock densities likely
explained by the expansion of forests in the hills of the east and northeast of Uruguay (Fig.
3.1). Despite an overall increase in livestock numbers for the country during the study period,
there has been a large decline in sheep densities due to market restrictions and changes in

agricultural practices (Montossi et al. 2013). This decline has resulted in net livestock density

0 10 20 20 40 50 60 240 260 280 300 320 340
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reductions in rocky outcrops and hilly areas where replacement of sheep by cattle is not
possible. This release of top-down control by herbivores is likely driving the expansion of
forests observed in these regions. In addition, this process may have been enhanced by rocky
outcrops and steep slopes that can protect seedlings from grazing at early stages (Muller et al.

2012, Gartzia et al. 2014).

Forest cover also increased in areas with high road density. This increase was mainly
associated to coastal, more urbanized regions. The association between urban areas and
increased access and tree cover expansion has been reported for the Campos and Pampas,
where tree species planted for domestic or productive uses (in fences and refuge for livestock)
have included invasive species, whose expansion into grasslands and native forests is raising
significant concern (Carrere 2001, Nebel 2006, Chaneton et al. 2012, Muller et al. 2012).
Indeed, the pattern of spread of invasive species associated to coastal, highly populated regions

has been detected both for animal and plant species in the Campos (Masciadri et al. 2010).

Areas with lower mean annual precipitation and lower precipitation in the driest quarter
also showed an increase in forest cover. However, our data is not conclusive in this regard, and
temperature has a relatively high correlation with mean annual precipitation and precipitation
in the driest quarter, making it difficult to discern their effect. A plausible explanation would
be that drier areas have lower agricultural potential. However, that is not the case in our study
region, where the highest agricultural cover occurs in the relative drier regions of the southwest
(Pearson correlation between MAP and agricultural cover is p = -0.4). A perhaps more
plausible explanation can be that a general increase of ~ 10% in precipitation in the country
during the period has favored tree growth, particularly in those regions where the precipitation
in the driest quarter is lower. This would be consistent with global trends of woody
encroachment into grasslands, potentially driven by changes in climate and atmospheric

chemistry (Naito and Cairns 2011, Ratajczak et al. 2012, Stevens et al. 2017).
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Our results suggest that transitions of grasslands into forests can occur under present
climate scenarios. However, this general trend largely depends on land use conditions, since in
extensive areas a reduction in forest cover associated to agricultural land conversion is still the
dominant phenomena. We show a historical trend which is consistent with a large scale picture
across South America, where an expansion of forests due to current climate conditions may be

prevented by agriculture and livestock.

Ecosystems can be strong determinants of the social and economic characteristics of
societies. In turn, societies can shape ecosystems through economic and social activities. In
particular, by altering disturbance regimes, land use changes can have major impacts on these
coupled socio-ecological systems (Liu et al. 2007). We hope that our results provide a better
understanding of the implications of land use changes in terms of forest-grassland transitions

in subtropical South America.



Appendix to Chapter 3-A.3

Table A.3.1. Environmental and socio-economic variables

Fig A.3.1. Edapho-topographic regions of Uruguay
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Fig Al.1. Edapho-topographic regions of Uruguay used in the statistical analysis. Based

on Modernel et al. (2016) and Panario (1988).
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Abstract

Woody plant expansion into rangelands has raised widespread concerns about the potential
impacts on livestock production. However, the way in which trees influence the structure,
composition and dynamics of herbaceous communities may vary widely depending on local
conditions. We studied the effects of trees on the sub-humid grasslands of Uruguay, in
southeastern South America, comparing the abundance, diversity and nutrient composition of
the herbaceous plants growing under the canopy of isolated trees with those growing at adjacent
open places. We analyzed the vegetation patterns at increasing distances from the edge of
riparian forests, where tree cover is highest, into the open grasslands. We did not find
significant differences between the total biomass of the herbaceous layer growing under and
outside tree canopies, but the relative abundance of C3 grasses doubled under trees. Nitrogen
content of grasses growing under tree canopies was significantly higher than in adjacent open
grasslands, whereas no significant differences were found in P or fiber content. Our results
suggest that scattered trees in subtropical grasslands can increase the abundance of high quality

forage and contribute to improve the provisioning services of these rangelands.

Key-words:  Facilitation, grassy biomes, livestock, savannas, Uruguay, woody plant

encroachment.

Introduction

Woody plant expansion into “old-growth” grasslands (Veldman et al. 2015) has raised global
concern as shrubs and trees may change the biodiversity and dynamics of these systems and
compromise their use as extensive rangelands (Chaneton et al. 2012, Anadén et al. 2014b, Bond

2016).
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Trees can affect herbaceous communities through a complex interplay of direct and
indirect effects on microclimatic conditions, soil properties, herbivore behavior, and
disturbance regimes (Holmgren et al. 1997, Scholes and Archer 1997, Callaway 2007, Dohn et
al. 2013). Trees can directly facilitate the growth and survival of herbaceous plants by
ameliorating stressful abiotic conditions and improving resource availability through various
mechanisms including reduction of air temperature and soil water evaporation (Belsky et al.
1993), pumping water from deeper soil layers by hydraulic lift (Neumann and Cardon 2012),
and fixing nitrogen (Stacey et al. 1992). Trees can also indirectly change water and nutrient
availability through changes in soil biota that enhance water infiltration and decomposition of
organic matter and nutrient release (Huxley 1999). Effects of trees on grasses may often be
dependent on herbivore behavior, since herbivores can be attracted by the tree shade, increasing
deposits of urine and feces under the tree canopy (Treydte et al. 2009) and can, depending on
their diet selectivity, graze under the trees. Alternatively, some trees can reduce grazing
pressure if the tree architecture and morphological features limit herbivore accessibility,

offering a refuge to grasses (Gémez-Aparicio et al. 2008).

The effects of trees on the grass layer can be very significant in extensive rangelands,
where native grasses are the primary forage for livestock. Trees can impact livestock
productivity through forage production and quality, as has been observed in savannas in Africa
(Weltzin and Coughenour 1990, Belsky and Amundson 1992, Treydte et al. 2007, Ludwig et
al. 2008) and South America (Peri et al. 2016), in eucalyptus woodlands in Australia (Jackson
and Ash), and temperate oak savannas in North America and Europe (Jackson et al. 1990, Gea-
Izquierdo et al. 2009). Trees can affect nutrient content of grasses and their abundance.
Nitrogen content in forage is an indicator of protein concentration, a key determinant of forage
quality for ruminants (Van Soest 1994). The modification of environmental conditions under

tree canopies can also change the species composition in the grass layer. For example, trees
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may favor the growth of C3 grass species in mixed C4-C3 grasslands (Scholes and Archer
1997, Peterson et al. 2007). C3 grasses commonly contain higher nitrogen content than C4
grasses (Barbehenn et al. 2004). Also, since C3 grass species can maintain a higher growth rate
during the winter seasons, their presence can increase forage abundance when overall grass
productivity is lower (Ode et al. 1980).

We assessed the effects of trees on the herbaceous layer of subtropical South American
grasslands along a gradient of cattle density to test the hypotheses that a) the abundance of C3
herbaceous species increases underneath the tree canopy and b) plant nutrient content increases

in herbaceous plants growing in the understory of trees.

Materials and methods

Study region
We worked alongside the river Yi in the proximities of the city of Durazno in central Uruguay
(33922 S, 56°31" W). These grasslands are mainly used for extensive livestock production
(Panario 1988, Gallego 2008). Mean annual precipitation (1980-2009) is 1300 mm with no
distinctive seasonality although interannual variability in rainfall is high and droughts occur
frequently (Berretta et al. 2000, Castafio et al. 2011). Mean annual temperature (1980-2009) is
17.7°C with mean summer temperature of 22.6°C and mean winter temperature of 12.9°C.
Winter frosts occur periodically (40 mean annual frosts during May-October) (Castafio et al.
2011). Soils in the region have high organic content, mid to heavy texture and are well to
moderately drained (MGAP 1976). Fire occurrence in the region is very low (Di Bella et al.
2006).

We selected twelve fenced sites exclusively used for cattle management (mean size =
180 ha, ranged 52-359 ha). Cattle density was defined as the average cattle numbers in each

paddock during the last two years and converting the weight of animals of different growth
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stage and sex into standard cattle units (Saravia et al. 2011). Cattle density ranged between

0.36 — 1.1 cattle units ha™l.

Vegetation sampling design

In each site, we randomly placed a 300 m long, 20 m wide transect, perpendicular to the river,
from the forest edge into the grasslands. In this region, forests are confined to the river margins
forming a narrow and well-defined strip. Transects were divided in blocks of 60 m long. In
three blocks (centered at 30, 150 and 270 m from the forest edge), we selected the closest
isolated tree to the block center. We found mostly Acacia caven (n = 30), and scattered
individuals of Prosopis affinis (n = 2), Celtis tala (n = 1), Schinus molle (n = 1), and Scutia
buxifolia (n = 1). Mean tree height was 3.2 m and mean canopy diameter 4.5 m. We sampled
only isolated trees with no neighboring trees within a distance of at least twice the canopy
diameter. To study the herbaceous communities under and around each tree, we laid two (0.5
x 0.5 m?) plots facing south from the tree stem. One plot was placed under the tree canopy at a
distance of half the canopy radius from the trunk. The second plot was placed in the open
grassland at one and a half canopy diameter from the trunk. Sampling was performed in autumn
(April-May).

The herbaceous community in the plot was identified at the genus or tribe level and
classified into the following categories: C3 grasses, C4 grasses, graminoids (including
Cyperaceae and Juncaceae), forbs, and dead biomass. We estimated the relative cover of each
plant group with the phytosociological method of Braun-Blanquet (1932) using a modified
scale of categories where species with low number of individuals were assigned interpreted
cover values (Van der Maarel 1979). We considered median values for each category for
statistical analyses. All plants in the plot were clipped at ground level, dried at 65° C for 48

hours and weighted to assess dry biomass prior to performing the nutrient content analyses.
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Plant nutrient analyses

We determined total nitrogen (N) and total phosphorus (P) in the plant material of the
herbaceous layer. We also determined fiber content which determines forage digestibility and
intake (Van Soest 1994). Nitrogen and phosphorus concentrations were determined using a
modified Valderrama method (Valderrama 1981). Fiber content was determined as amylase-
treated neutral detergent fiber (NDF) corrected for ashes with Ankom technology (Fiber
Analyzer 200, Ankom Technology Corporation, Fairport, N.Y) in a sequential form (Van Soest

etal. 1991).

Statistical analysis
We used mixed linear models to assess the effect of tree canopy on species composition and
nutrient content of the herbaceous community. Mixed effect models allow including complex
nested designs and the effects of random variables (Zuur et al. 2009). The response variables
were the proportion of C3 grass biomass over total biomass, the proportion of C4 grasses over
total biomass, the nutritional values of plant biomass (as total N and P) and fiber contents (as
NDF). The fixed structure of our initial model included tree canopy (TC), distance to forest
(DF) as well as their interactions and cattle density (CD). We included transect site (T) as a
random component, and considered a potential effect of the transect site on regression
coefficients of TC and DF (Zuur et al. 2009). Analysis was performed in R version 3.2.3 with
the nmle package, using gls and mle functions.

Statistical models were compared using AIC and ANOVA. A model with an additional
term was retained when it decreased the AIC by more than two units. Significant differences
between models were also analyzed using ANOVA. We also tested the best models using the

likelihoods (Akaike weights) expressed as probability (Burnham and Anderson 2004) between
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the different models with the best (or no) random structure. Response variables were tested for
normality using the Shapiro-Wilk test (function shapiro.test) and plots of residuals using the
function ggplot in R (package Ggplot2). Variables were transformed to meet normality of
residuals if needed. Proportion of C3 grass biomass was arcsine square-root-transformed and
total N concentration was log-transformed.

To relate the species composition of the herbaceous communities with the
environmental conditions, we performed a constrained Redundancy Analysis (RDA) relating
the species cover data to our environmental factors in CANOCO version 5 (Ter Braak and
Smilauer 2012). A linear method was selected based on the highest gradient of genera turnover
along the ordination axis. We included transect site as a covariate and included tree presence,
distance to forest, tree density (expressed as trees/m? in each 60 x 20m block) and relative
altitude (plot altitude over mean transect altitude) as environmental variables. Species data was
centered and sample data were centered and standardized. (Lep$ and Smilauer 2003). We
focused our analysis on the most abundant species excluding grass genera present in less than
5% of the plots, to avoid disproportionate weight of environmental correlations to rare
occurrences (McGarigal et al. 2013). This has little effect on the ordination since the method
relies heavily on more abundant species (Leps and Smilauer 2003). Adding the most infrequent

species did not yield substantial differences in results.

Results

Species composition

Total herbaceous biomass was not significantly different under the tree canopy and the open
grassland (Fig. 4.1a). Yet the relative abundance of C3 vs. C4 grasses shifted under tree
canopies. The proportion of C3 grasses in the total herbaceous biomass doubled under tree

canopies compared to open grasslands (Fig.4.1b, p = 0.04) whereas the proportion of C4
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grasses was marginally higher in open grasslands Fig. 4.1c, p = 0.087). This increase in C3
biomass under trees did not depend on the distance to the forest edge or cattle density (Table

A4.1).
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Figure 4.1. Biomass and nutrient content under the tree canopy and in open grassland. (a) Total
herbaceous biomass, (b) C3 grass biomass proportion, (c) C4 grass biomass proportion, (d) total

Nitrogen, (e) total Phosphorus and (f) Fiber content. Overall means (+ SE) are plotted.

In general, the abundance of C3 grasses tended to increase further away from the forest
edge, and was related to site characteristics beyond the explanatory variables we studied (Table
A.4.1). Higher cattle density was only correlated with a reduction in total biomass (p = 0.013)

but did not affect the relative abundance of either C3 or C4 grasses (Table A.4.1).

Seventeen grass genera were present in more than 5% of the plots, from a total of twenty
four grass genera identified (Table A.4.2). All 17 genera were present in the open grasslands

and 16 genera were present under tree canopies. The average cover of seven grass genera, forbs
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and graminoids increased under trees, while ten grass genera had a higher average cover in
open grassland. The most abundant C4 genus, Paspalum, decreased under the tree canopy. This
was coupled with an increase of Panicum, Axonopus and Stipa (Table A.4.3). This pattern can
be observed in the multivariate analysis (Fig. 4.2). Paspalum is positively correlated with open
plots, while Axonopus and Panicum and the most abundant C3 genus Stipa together with
Danthonia were mostly correlated to under-canopy plots. A main axis of variability in our plant
groups was determined by distance from the forest edge, which was generally correlated with
increasing relative height and decreasing tree density. Forbs showed a marked variability along
this ordination axis, increasing closer to the forest edge. The environmental variables included

in the RDA analysis accounted for 20% of the total plant community variation (p = 0.002)

(Table A.4.4).
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Plant nutrient content

Total plant N was higher in herbaceous plants growing under tree canopies (p = 0.026) (Fig.
4.1d; Table A.4.1). The positive effect of tree cover on total plant N was detected for both C3
and C4 grasses (p = 0.028.and p = 0.096 respectively). Nitrogen content was also higher in C3
than in C4 grasses (p= 0.004) irrespective of tree canopy, distance to the forest edge, or cattle

density.

Total plant P and fiber content did not differ between plants growing under trees and those
in open grassland (Figs. 4.1e and f respectively). P increased and fiber content decreased closer
to the forest edge. We could not detect any changes on plant nutrient or fiber content related
directly to cattle density. We found significant differences in N, P and fiber across sites that

could not be explained by the variables we studied (Table A.4.1).

Discussion

We found significant differences in species composition and plant nutrient content in the grass
layer underneath tree canopies. The abundance of C3 grass doubled under the shade of trees.
Trees reduce irradiance and temperature in summer which likely favors C3 over C4 plants,
since C3 grasses have a lower light saturation point and higher efficiency in colder
temperatures (Brown 1982, Gardner et al. 2003), whereas the growth rate of C4 grasses
decreases under shade (Pearcy and Ehleringer 1984, Kephart et al. 1992). Higher C3 abundance
under trees has been reported in other mixed tree-grass systems, for example in North America
(Scholes and Archer 1997, Sharrow et al. 1999), South America (Del Pilar Clavijo et al. 2005,
Nordenstahl et al. 2011) and South Africa (Cowling 1983). Our findings are consistent with

reports of facilitation of C3 grass species as a result of abiotic stress amelioration by shrubs in
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eastern Uruguay (Fernandez et al. 2014). Because the abundance of C3 grasses can increase
under cattle exclusion (Rodriguez et al. 2003, Altesor et al. 2005), one could speculate that the
positive effect of trees on C3 grasses could also be partly explained by a reduction in grazing
pressure under the tree canopies. Our study sites are grazed by cattle and our sampled plots
were accessible to them, which makes this lower grazing hypothesis less likely. Tree shade had
opposite effects on C4 grasses. The dominant C4 grass Paspalum was significantly less
abundant under trees. Interestingly, subordinate C4 genera, forbs and graminoids increased
under the tree shade

Plant nitrogen content was higher under the tree canopy than in open grasslands. This
boost in nitrogen results from both, an overall increase in N content of understory grasses, as
well as a shift in species composition towards a higher abundance of C3 species with higher
N content. Leguminous trees, such as Acacia caven, are nitrogen fixers that can increase plant
N through either soil improvement or direct below-ground N transfer (Daudin and Sierra 2008,
Gargaglione et al. 2014).

Our results suggest that, by favoring C3 grasses, trees scattered through the grassland
could directly improve the abundance of livestock forage during the colder seasons, with
potential positive impacts on livestock productivity. Low production and low quality of
pastures are key constraints of livestock productivity on natural grasslands of Uruguay during
the colder seasons (Berretta 2001). In fact, winter is the critical season for livestock
productivity since winter forage production usually determines maximum cattle loads
(Nordenstahl et al. 2011). The increase of C3 grasses and the overall higher N content of the
herbaceous plants growing in the understory of trees can therefore improve the provisioning of
forage during the most limiting season.

Besides tree canopy, we identified the distance from the forest edge determined as an

important environmental gradient structuring the herbaceous community. The distance to the
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forest edge is a complex gradient of environmental factors that combines decreasing elevation,
more frequent flooding, differences in soil properties, higher tree density and an overall cooler
and moister microclimate (Fig. 4.2). This gradient may be capturing some of the environmental
factors, such as soil and micro-topographic features, which are known to determine small-scale
variability in community composition in the region (Lezama et al. 2006).

The effect of trees in facilitating understory plants has been particularly well
documented in stressful environments such as arid or semi-arid savannas (Dohn et al. 2013) in
accordance with the Stress Gradient Hypothesis (SGH). However the results in wetter
environments, such as our study region, are less clear (Rivest et al. 2013).Our results contribute
to the emerging view that positive interactions may be more common in moist habitats than
initially thought (Holmgren and Scheffer 2010). Fully understanding the implications of
facilitation in this system may require assessing the role of trees during several years. As we
showed, tree shade can facilitate shade tolerant C3 plant species. These positive effects may be
even stronger during moderate droughts that occur frequently in this region (Holmgren et al.
2012).

Understanding how trees modify the structure and composition of grasslands is highly
relevant as changes in tree cover may occur abruptly with changes in climate conditions in
subtropical and tropical regions (Hirota et al. 2011). The moister climate expected for
southeastern South America in the future may favor tree cover expansion to savanna-like levels
(Anadon et al. 2014a). Our results indicate that an expansion of sparse tree cover in certain
areas may increase the abundance and quality of forage for livestock production in these mixed
tree-grass systems, improving their ecosystem services and challenging the often negative
perception people have of native trees in the rangelands of southeastern South America.

Clearly, these rangelands would be at risk if woody density progresses into dense stands

that reduce the grass biomass necessary to feed the livestock or fuel the fires that maintain these
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open grassy biomes (Archibald et al. 2005, Bernardi et al. 2016b, Bond 2016). Further studies
should assess the levels of tree cover that could maintain these positive effects to predict and

manage the consequences of potential ecological transitions driven by global change.

Conclusions

Global trends of tree expansion into grasslands have raised concern due to potential decrease
in rangeland productivity. Our study shows that, in the rangelands of subtropical South
America trees can have positive effects on forage availability. We found an increase in C3
grass abundance and in total nitrogen in plant biomass in the herbaceous layer under trees,
suggesting that trees can improve forage quality and abundance particularly during the colder

seasons when grass productivity is limited.
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Table A.4.1. Linear Mixed Effect Models.
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Table A.4.3. Mean abundance for the most common grass genera.

Table A.4.4. Results of Redundancy Analysis (RDA).
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Table A.4.1. Results of the Linear Mixed Effects models

65

Fixed effects:

Tree canopy (TC), distance to forest edge (DF), cattle density (CD) and their interactions.

Random effects:
Site, TC | Site, DF | Site, TC+DF | Site

Final Models Coefficient p-value  AIC /Akaike
(Fixed effects) weight (wi)

C3 grass biomass (%) (transformed) ~ TC + DF, TC*0.078 0.0397 | -43.05/0.56

random= 1 | Site DF*0.0002 0.0021

C4 grass biomass (%) (transformed) ~ TC, -0.081 0.087 -25/0.54

Total N (%) (transformed) ~ TC 0.53 0.0257 | -20.988/0.45

2"9 best model

Total N (%) (transformed) ~ TC, 0.53 0.0213 | -19.752/0.22

random= 1 | Site

Total P(%) ~ 1 - DF, -0.62 0.0001 | 2.064/0.62

random =1 | Site

Total Fiber (%) ~ 1 + DF, 0.024 0.0001 437/0.72

random = 1| Site




Table A.4.2. Genera and photosynthetic pathways found in sampling plots.

Genera Photosynthetic
pathway

Agrostis C3
Andropogon C4
Aristida C4
Axonopus C4
Bothriocloa C4
Briza C3**
Calamagrostis |C3 **
Chloris C4 **
Coleorachis C4
Cynodon C4
Danthonia C3
Digitaria C4 **
Eleusine C4 **
Eragrostis C4
Eustachys C4 **
Melica C3
Panicum C4~*
Paspalum C4
Piptochaetum |C3
Schizaquirium |C4
Setaria C4
Sorgasthrum C4 **
Sporobolus C4
Stipa C3

* Panicum milioides is considered to have both C4 and C3 photosynthetic pathways. It was grouped
as C4 given than summer is its growth and seeding season.

** Species present in less than 5% of the plots
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Table A.4.3: Mean abundance (% basal cover + SE) for the most common grass C4 and

C3 genera outside and under tree canopy. Paired t-test values.

Genus Outside Under Significance
Mean SE Mean SE t p

C4

Axonopus 4.0 2.0 8.2 461 -1.42 0.16 - ns

Cynodon 4.5 3.8 5.3 4.57 -0.9 0.37-ns

Panicum 5.5 2.7 8.7 45 -2.01 0.05

Paspalum 43.8 4.5 31.7 6.2 3.86 <0.0001

C3

Piptochaetum | 3.4 2.0 3.0 1.8 0.29 0.77 —ns

Stipa 2.8 14 6.2 2.6 -2.5 0.017




Table A.4.4. Results of Redundancy Analysis (RDA).

Redundancy Analysis
Partial variation is 16.59.

Explanatory variables account for 19.6 % of variation

Statistic

Eigenvalues

Explained variation (cumulative)
Pseudo-canonical correlation

Explained fitted variation (cumulative)

Axis 1

0.058

8.44

0.60

43.1

AXis 2

0.050

15.7

0.58

80.18

AXis 3

0.024

19.25

0.51

98.31

AXis 4

0.0023

19.58

0.32

100

Permutation test results on all axes: Pseudo-F = 3.2, P = 0.002
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Chapter 5

Livestock suppresses fire across the global tropics
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Abstract

Aim

Livestock grazing is the largest human land use and the main driver of the conversion of
tropical forests into grasslands. Livestock is known to affect vegetation directly but also
indirectly through interactions with fire. While many elements of the complex interplay of
mechanisms have been scrutinized, a systematic analysis of the overall effects of livestock on

tropical ecosystem structure is lacking.

Location

Global tropics and subtropics (15°N — 35°S).

Methods

We analyzed remote sensing and ground data on vegetation height and cover, climate, fire
history and livestock. We used spatial regression models and structural equation models to

analyze the effects of livestock on fire regimes and vegetation structure.

Results

High livestock densities are associated to lower fire frequency and a higher cover of shrubs and

dwarf trees across the global tropics. This effect is particularly significant in South America.

Main Conclusions

Our findings suggest that grazing reduces fire incidence through grass fuel consumption and
maintains sparse tree cover while favoring low-statured woody plants in regions where forests
could potentially grow. In South America, the effects of livestock may explain the existence of
wet savannas with low fire frequency. Our results imply that livestock is a strong modifier of

the relationship between tropical vegetation structure and climate.
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Introduction

Livestock grazes approximately one third of the global land surface and about half of the
world’s savannas and grasslands. In the tropics, livestock ranching extends over 32 million
km?, twice the area covered by tropical moist forest (Asner et al. 2004, Thornton and Herrero
2010). Despite this enormous extent, the effects of livestock management on vegetation
structure have never been assessed globally. Livestock effects are hotly debated because
regional- and site-level studies have described both increases and decreases in woody cover
expansion with contrasting consequences for the long-term provision of ecosystem services.
Grazing can promote woody encroachment (Scholes and Archer 1997, Roques et al. 2001,
Eldridge et al. 2011) by shifting competitive interactions between herbaceous and woody plants
in favor of the latter (Walter 1971, Belsky and Blumenthal 1997) or by reducing grasses that
fuel fires (Belsky and Blumenthal 1997, Scholes and Archer 1997). On the other hand,
livestock can limit woody expansion through direct browsing and trampling on tree seedlings
and saplings (Huntly 1991, Prins and van der Jeugd 1993, Holmgren et al. 2006a, Chaturvedi

et al. 2012, Bernardi et al. 2016b).

The effects of grazing on fire dynamics may be particularly important for shaping the
structure and functioning of tropical and subtropical terrestrial ecosystems. Fire may maintain
open grasslands and savannas because trees are more susceptible than grasses to recurrent fire
events. Grasses regrow fast after burning and thereby provide fuel to burn again, creating a
grass-fire positive feedback that suppresses tree cover (Archibald et al. 2009, Hoffmann et al.
2012). This grass-fire feedback has been proposed as a main mechanism explaining the
bimodality of tropical tree cover (Hirota et al. 2011, Staver et al. 2011) and canopy height (Xu
et al. 2016) which is suggestive of tropical forest and savanna being alternative stable states

separated by tipping points (Scheffer et al. 2009, Hirota et al. 2011). By consuming grass
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biomass, which serves as fuel for fires, grazing can mediate this fire feedback affecting

vegetation.

Here we aim to evaluate the overall effect of the complex mix of mechanisms through

which livestock affects fire and woody vegetation along climatic gradients across the tropics.

Methods

Global databases

We generated a 0.1° x 0.1° grid system over the global tropics and subtropics (latitudes
between 15°N and 35°S, Fig 5.1) yielding approximately 500,000 grid cells. For each grid cell,
we collected estimates of livestock density, fire frequency, tree cover, shrub cover, mean
annual precipitation, and precipitation seasonality. Livestock density was obtained from the
FAO Gridded Livestock of the World modeled dataset at 1 km resolution (Robinson et al. 2014)
and expressed in 250-kg-equivalent animal units called Tropical Livestock Units (TLU) using
a scale of 0.7 for cattle, 0.5 for buffaloes and 0.1 for goats and sheep (FAO 1999). To avoid
potential effects of pseudoreplication of nested environmental variables that are included in the
FAO model, we averaged the model values for each administrative division to obtain the
original data from national reports, or averaged model estimates for those divisions with
missing data. Directly using the modeled data did not yield significant differences. We
differentiated between high and low livestock densities, defined as being above and below the

average value of TLU across the pantropical regions (7 TLU km™).
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Figure 5.1. Differences in fire frequency, tree and shrub cover associated to tropical livestock
density. A) Mean fire frequency averaged in 100 mm mean annual precipitation bins for sites with
above-average (TLU > 7 units km?, light dots) vs. below-average (TLU < 7 units km?, dark dots)

livestock densities. B) Tree cover (%). C) Cover of shrubs and dwarf trees (%). D) Region of analysis.
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Fire frequency was derived by calculating burned frequency (burns per year) from the
standard MODIS burned area product MCDA45 (Roy et al. 2008) for the years 2002-2010. We
considered the start of each year in April and the end in March the next year, coinciding with
the annual global minimum fire activity during March-April (Giglio et al. 2013), to generate

annual composite burned area maps.

Tree cover data were extracted from the MODIS Vegetation Continuous Field (VCF)
Collection 5 dataset for the year 2009 (DiMiceli et al. 2011). MODIS infers tree cover as the
woody cover higher than 5 meter tall. This coincides with standard life forms definitions
(Pérez-Harguindeguy et al. 2013). To estimate lower woody cover (i.e. dwarf trees and shrubs),
we used a remote-sensing dataset of global vegetation height (Los et al. 2012). This dataset
assembled available LiDAR measurements (footprints) collected by the Geoscience Laser
Altimeter System (GLAS) on the Ice, Cloud and land Elevation Satellite (ICESat) during 2003—
20009 to retrieve the vegetation height distribution between 0-70 m in a 0.5 m interval per 0.5°
x 0.5° grid cell. We calculated lower woody cover as the percent of LiDAR footprints with
vegetation height between 1-5 m. We used an upper five meter threshold to account for all
woody vegetation in our analyses, given the 5 m lower detection limit of MODIS VCF tree
cover. The 5 m threshold is also supported by observed distributions of global height of shrubs
vs. trees (Scheffer et al. 2014, Xu et al. 2016). We tested for the robustness of using a different
canopy height range (0.5-1.5 m for the lower limit and 4-5 m upper limit) to define dwarf trees

and shrubby vegetation but did not yield different results.

Climate data were obtained from the Climate Research Unit (CRU) database at 0.5°
resolution in the period 1951-2002 (Jones and Harris 2013). We used Markham’s Seasonality
Index (MSI) as an indicator of the concentration of precipitation within certain months of the

year (Markham 1970).
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We excluded from all datasets areas that included croplands, water or bare ground, as
defined as categories [11-30 and 190-230] in the 2005 European Space Agency (ESA)

Globcover dataset at 300 m resolution. Analyses were done using ArcGIS 10.0 and R 3.2.3.

Data analyses

We used spatial generalized least squares (GLS) models to relate fire frequency to livestock
density and rainfall patterns. We included MSI, MAP, and MAP?, the latter to account for the
hump-shaped distribution of fire frequency with MAP (Lehmann et al. 2011, Pausas and
Ribeiro 2013). We ran models for the global tropics and each continent separately (South
America, Africa, and South Asia — Oceania). In each case, we used a random subsample of
1000 points. To approach normal distributions, the percentage tree and shrubby cover were
arcsine-square-root transformed (Hirota et al. 2011). The GLS models had a spatial correlation
structure in residuals (Zuur et al. 2009). We assessed five different spatial correlational
structures: exponential, Gaussian, linear, rational quadratic and spherical (Zuur et al. 2009)
based on the Akaike Information Criterion (AIC). Spatial autocorrelation was best accounted
for by an exponential decay for all study regions. We found no strong multicollinearity among
the explanatory variables as indicated by low variance inflation factors (VIF) for MAP (1.18),
MSI (1.18) and livestock (1.0). The statistical Analyses were performed in R 3.2.3 with the
packages car, gstat, MuMIn, MASS, nlme, psych. We assessed the goodness of fit of the
models based on the log likelihood-ratio test with the function “r.squaredLR” of the package

MuMIn.

To facilitate a comprehensive understanding on how the focal factors interact with each
other, we developed a conceptual model based on the observed relationships between variables
(Fig. 5.2). We constructed a piecewise structural equation model (SEM) to test this network of

relationships using the piecewiseSEM package (Lefcheck 2016) in R 3.2.3. To reduce spatial
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dependency of our analysis we randomly selected 1000 points per run, and we bootstrapped

with 1000 repetitions.

-y
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Figure 5.2. Conceptual model of relations between livestock, climate, grass cover, fire frequency
and tree and shrub cover. Positive effects are indicated by pluses and negative effects by minuses,
dashed lines indicate indirect effects. Livestock grazing reduces grass cover and thereby fuel for fire,
favoring woody expansion; however, livestock grazing also limits tree growth, favoring shrubs and

dwarf trees.

Results

Our analysis (see methods) shows that fire frequency across the global tropics decreases with
livestock density (spatial GLS model; p = 0.005). Sites with livestock density higher than the
global tropical mean of 7 TLU km have about half the fire frequency of sites with low
livestock density (Fig. 5.1). Fire occurrence is also related to mean annual precipitation (MAP)
and rainfall seasonality (MSI) (Table A.5.1). Fire frequency peaks at intermediate rainfall

(MAP p = 0.0016; MAP? p = 0.0015) and with high rainfall seasonality (p = 0.0015).
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Across the whole precipitation gradient, sites with high livestock grazing had
consistently lower tree cover and higher cover of small woody plants (Fig. 5.1B, C).
Interestingly, a precipitation-dependent relationship between tree cover and livestock becomes
apparent if we differentiate between regions with a MAP below and above 1600 mm, a
threshold where mean fire occurrence drops considerably (Fig. 5.1A). Above this value, high
livestock density was associated to an increased likelihood of a savanna-like mode with 20%
tree cover instead of closed-canopy forests (> 60% tree cover) (Fig. A.5.1). These savanna-like
regions with high rainfall and livestock densities also have a relatively low fire frequency (Fig.

AB5.2).

A piecewise structural equation model for the global tropics (Fig. A.5.3) suggests that
fire frequency is positively affected by MAP and rainfall seasonality, and negatively by
livestock density, while tree cover is positively affected by MAP and negatively affected by
rainfall seasonality and livestock density. In contrast, cover of shrubs is negatively affected by

MAP, tree cover, fire frequency and rainfall seasonality.

The strength of the relationships between fire, climate and livestock varies between
continents. For South America, our spatial models show that fire occurrence is positively
correlated to mean annual precipitation and also to seasonality in rainfall, while fire occurrence
decreases with livestock density. For Africa we found the same relationships of fire occurrence
with climate variables but no significant relationships with livestock density. For Asia-

Oceania, fire occurrence was only positively correlated to rainfall seasonality (Table A.5.1).

Discussion

Our results suggest that livestock reduces fire frequency across the global tropics (Fig. 5.1;

Table A.5.1). This is in line with the view that grazing limits fire by reducing the availability
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of grass fuel (Belsky and Blumenthal 1997, Scholes and Archer 1997) and by the formation

of grazing lawns acting as barriers for fire spread (Leonard et al. 2010, Hempson et al. 2015b).

Sites with high livestock densities have sparser tree cover (Fig. 5.1B) but a denser cover
of low-statured woody plants (dwarf trees and shrubs) along the whole precipitation range in
the three continents (Fig. 5.1B). Livestock may affect trees and shrubs in many ways, making
it difficult to predict the net effect from individual mechanisms. Regenerating trees and shrubs
may be facilitated by fire suppression (Belsky and Blumenthal 1997, Scholes and Archer 1997,
Roques et al. 2001, Asner et al. 2009, D'Odorico et al. 2012). On the other hand, by browsing
and trampling on young seedlings and saplings, livestock can also limit tree recruitment.
Browsing at early growth stages also favors multi-stemmed, shorter sprouted trees with a bushy
architecture (Huntly 1991, Bond and Midgley 2001, Holmgren 2002). Encroachment by woody
vegetation is often controlled by rangers who seek to remove shrub thickets and cut
regenerating trees to avoid canopy closure in managed pasture lands. Indeed, trees need time
and favorable growth conditions to escape the control imposed by herbivory, fire and people
(Holmgren et al. 2006a, Bond 2008, Scheffer et al. 2008, Hoffmann et al. 2012, Holmgren et

al. 2013).

The apparent effects of livestock on fire, trees and shrubby vegetation have important
implications for our interpretation of the distributions of forests and savannas. Remote-sensing
studies suggest that savannas and forests can be alternative stable states (Hirota et al. 2011, Xu
et al. 2016), maintained by a grass-fire feedback (Staver et al. 2011, Hoffmann et al. 2012,
Murphy and Bowman 2012). The hump-shaped distribution of fire frequency (Lehmann et al.
2011, Pausas and Ribeiro 2013) drops at a MAP of approximately 1600 mm (Fig. 5.1B) where
the probability of closed canopies increases (Hirota et al. 2011, Staal et al. 2016). Our analysis
suggests that in these wet regions, livestock may maintain savannas by directly controlling tree

recruitment. These sites will have lower fire frequency than expected due to fuel-grass removal
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by livestock (Fig. A.5.2). Thus, the high livestock densities in South America may help
explaining the surprisingly fire-scarce savannas of that continent (Lehmann et al. 2011). The
clear relationship between livestock and fire we find in South America is absent in Africa
(Table A.5.1) which might be due to the unaccounted effect of wild herbivores in our analysis.
Indeed, wild large herbivores, largely extinct in South America, can be a significant factor in
shaping biomes in Africa (Prins and van der Jeugd 1993, Asner et al. 2009, Hempson et al.

2015a, Dantas et al. 2016).

In summary, our analysis suggests that in tropical regions where wild large herbivores
are no longer dominant, livestock management may shape the structure of savannas and
grasslands, reducing fire frequency, maintaining sparse tree cover and favoring the expansion

of shrubs and dwarf trees.
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Appendix to Chapter 5- A5

Table A.5.1. Statistical results. Fire frequency and explanatory drivers.

Figure A.5.1. Frequency distributions of tree cover.
Figure A.5.2 Fire frequency as a function of tree cover.

Figure A.5.3. Piecewise Structural Equation Model.
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Table A.5.1. Statistical results. Fire frequency and explanatory drivers. Generalized least squares

spatial models for fire frequency (arcsine square-root transformed). Explanatory variables were Mean

Annual Precipitation (MAP), Mean Annual Precipitation squared (MAP?), Markham’s Seasonality

Index (MSI) and Livestock Density (LD).

Region Explanatory Variables: MAP, MAP?, MSI, LD
Best model Predictors Estimate P value
Global tropics f(MAP, MAP?, LD, MSI) MAP 2.03-10* 0.002
MAP? 6.44-108 0.002
LD 2.22-10°° 0.005
MSI 3.16:10°% 0.002
South America f(MAP, MAP?, LD, MSI) MAP 2.57-10* <0.001
MAP? 7.00-10* <0.001
LD —2.94-10°3 <0.001
MSI 4.13:10°% <0.001
Africa f(MAP, MAP?, MSI) MAP 5.78-10"* <0.001
MAP? -2.10-107 <0.001
MSI 3.61-10° 0.019
Asia—Oceania f(MSI) MSI 4.17-10° <0.001
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Figure A.5.1. Frequency distributions of tree cover for dry (MAP < 1600mm) and wet (MAP > 1600
mm) regions and below and above-average livestock density ( 7 Tropical Livestock Units km2). A) Dry
sites, low livestock density. B) Wet sites, low livestock density. C) Dry sites, high livestock density. D)

Wet sites, high livestock density.
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Figure A.5.2 Fire frequency as a function of tree cover. Fire frequency in high (light dots) and low

(light dots) livestock densities for A) MAP below 1600 mm, B) MAP > 1600 mm.
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Figure A.5.3. Piecewise Structural Equation Model. Positive relationships in blue, negative in red.
All tested relationships have p values < 0.05. Numbers indicate coefficient estimates of relationships.
The light blue boxes indicate climatic variables (MAP, mean annual precipitation; MAP?, quadratic
term of MAP; MSI, Markham’s Precipitation Seasonality Index), the green boxes represent ecosystem
variables (Livestock, livestock density; Fire, fire occurrence; Trees, tree cover; Shrubs, cover of shrubs
and dwarf trees). R%s for component models are shown in the boxes of response variables. The Fire
model is fitted using generalized linear model with Poisson distribution, the Trees and Shrubs models

are fitted using ordinary least square models.

Livestock —— 021 ——| Fire [

R2=0.40
N P PYT
-0.09 e
ora -0.12
_~
MAP -0.51 MSI

/
\

-0.22 -0.08




86

Photograph: Rafael Bernardi

Chapter 6

Synthesis
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Looking at the extensive grassland landscapes of Uruguay, in subtropical South America, one
cannot avoid having the intriguing feeling that something is missing. The same impression led
Darwin, during the Voyage of the Beagle, to write about the “remarkable” scarcity of trees
despite abundant precipitation in the green, smoothly undulated terrain. Understanding the
distribution of plant communities is indeed complex, and what explains forests, savannas and
grasslands across the world is still a highly debated issue.

In this thesis, | analyzed the determinants of tree cover distribution and the factors that
may explain tree cover changes in mixed tree-grass systems across the tropics and subtropics.
I combined different methodological approaches designed to address some of the gaps in
current theoretical frameworks and research (Chapter I). First (Chapter 2), | modeled current
tree cover distribution at three scales in southeastern South America, with a focus on the
Campos region of Uruguay and Southern Brazil (WWF “Uruguayan Savanna”) (Soriano 1992,
Olson et al. 2001, Overbeck et al. 2007) aiming to assess the mechanisms behind tree cover
changes in grassy biomes. This analysis allowed us to account for the scale-dependency of
some of the most relevant mechanisms and to detect the variation of factors that would
otherwise be missed. | found that fire and livestock play a key role in limiting tree cover in the
region, and we detected a reduction in fire associated to higher livestock densities.

In Chapter 3, | analyzed potential drivers of forest—grassland transitions in Uruguay
by looking at tree cover change over four decades and at the relationship with relevant socio-
ecological variables. | found that, while forest cover has decreased in regions with high
agricultural cover, expansion of forests in extensive rangelands was likely associated to a
release of grazing pressure by a reduction in livestock densities, which is in line with our
findings in Chapter 2. | found that medium-scale soil and topographic features were likely
determinant of the predominant land uses that in turn affect tree cover change, and that changes

in land use can trigger forest—grasslands transitions in the region. These results emphasize the
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strong coupling between ecosystem dynamics and human activities. This analysis also
contributed to improve our understanding of the change dynamics at intermediate spatial scales,
and to overcome any limitation that may arise from inferring the probability of forest-
grasslands states based on one snapshot of current tree cover distribution.

In Chapter 4, the interaction between trees and grasses at the local level was studied
through field observations to determine potential consequences of changes in tree cover.
Results show that a moderate expansion of trees could improve forage quality and abundance,
yielding benefits in terms of provisioning services and that plant facilitative interactions may
prevail in mild (sub-humid) environments.

Finally, in Chapter 5 | tested the hypothesis that livestock has a significant role in
shaping the world terrestrial biomes, aiming to generalize the findings of this research across
tropical and subtropical regions. | found evidence of livestock indeed being a strong
anthropogenic influence on these systems, by limiting fire frequencies and through direct

effects on woody vegetation.

A pantropical view: the effect of livestock on grass, fire and trees

The results presented in this thesis suggest that precipitation, fire and herbivory are the main
determinants of tree cover in non-cultivated areas across the tropics and subtropics. In
particular livestock appears to have a significant effect on vegetation in South America, where
it is the dominant herbivore. The effects of livestock may be explained by direct top-down
effects but also in part by a reduction of fire frequencies due to fuel-grass consumption.

A conceptual diagram of the interactions between livestock, fire, precipitation and tree
and shrub cover is presented in Fig. 5.2. Livestock limits tree cover through browsing and
trampling on young trees, maintaining a low tree cover beyond what would be expected from

precipitation patterns. Livestock also consistently reduces fire frequency in the tropics and
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subtropics worldwide. Areas with below-average density of livestock have almost twice as high
the fire frequency than areas with over-average livestock density. This causes deep ecological
effects as it enables the persistence of short-statured woody vegetation (shrubs and dwarf trees),
which are also promoted by browsing at early stages (Huntly 1991, Bond and Midgley 2001,
Holmgren 2002).

These findings are important since a shift from trees to shrubby vegetation could
partially explain patters of shrub encroachment into grasslands observed throughout the world
(Belsky and Blumenthal 1997, Scholes and Archer 1997, Roques et al. 2001, Asner et al. 2009,
D'Odorico et al. 2012). The role of livestock in shaping tree cover is particularly relevant in
South America, where the use of grassy biomes for extensive livestock production may
maintain savannas and grasslands with low tree cover but relatively high precipitation levels
and low fire frequencies (Lehmann et al. 2011). This may be the case of the Campos grasslands

in South America (Uruguayan Savanna Ecoregion) that were particularly studied in this thesis.

Subtropical grasslands of South America: Old-growth and anthropogenic

New debates about afforestation of grasslands for carbon sequestration, and concerns about
impacts of woody encroachment on livestock production, highlight the need to understand the
resilience of these grasslands in the face of environmental and land use changes (Overbeck et
al. 2007, Bond and Parr 2010, Anaddn et al. 2014b). As we have seen in this thesis, this requires
assessing the role of climate and disturbances in shaping tree cover, and the effect of land use
regimes in affecting the resilience of this ecoregion.

The climatic origins of the Campos grasslands have been well established.
Palaeorecords suggest that the regional climate of southeastern South America was
characterized by long dry periods, resulting in old-growth grasslands with high biodiversity of

grasses (Sala 2001, Iriarte 2006, Overbeck et al. 2007, Piovano et al. 2009, Puerto et al. 2013,
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Veldman et al. 2015). The old-growth grasslands of southeastern South America persisted
during long periods of dry climate and may have been maintained by grazing of large native
herbivores (Barnosky et al. 2016, Doughty et al. 2016). More recently, studies for Southern
Brazil suggest that the loss of large herbivores co-occurred with an increase in fire frequency,
at the times when human populations expanded in the region (~8.000 years B.P.) (Behling et
al. 2007, Blanco et al. 2014). This suggests that humans may have strongly influenced the
occurrence and magnitude of disturbance regimes for a very long period. During the last
centuries, the expansion of livestock and agriculture has become a main determinant of changes
in tree cover. Impacts have included cutting trees to use in fences and buildings and as a source
of energy, although the magnitude and extent of the deforestation has not been well established
(Gautreau 2010, Rodriguez-Pontes et al. 2016).

This thesis (Chapter 2) provides new evidence suggesting that tree cover in subtropical
South America increases with precipitation and is limited by both cattle grazing and fire
occurrence. We found that in the Campos sub-region forests are associated mostly to
watercourses, which may have acted as a refuge during drier times, and that livestock is
probably preventing forest expansion into grasslands. Current fire frequency, however, is very
low (Di Bella et al. 2006), which may be a consequence of heavy grazing. Cattle, followed by
sheep, are the main herbivores consuming grass and other plant biomass in southeastern South
America, and they have likely affected fire dynamics since their initial introduction in the XV1
century. Our results suggest that livestock grazing constitutes a strong anthropogenic
determinant of tree-grass transitions in southeastern South America, where livestock is among
the highest in the continent. The main relationships between tree cover, climate, fire frequency
and livestock in the grasslands of subtropical South America (Chapter 2) are summarized in a

conceptual model (Fig. 6.1).
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Figure 6.1. Conceptual model of relations between precipitation, herbivory, fire, livestock, and
grass and tree cover in the grasslands of subtropical South America. Positive effects are indicated
by blue arrows and negative effects by red arrows, dashed lines indicate significant indirect effects. In
a nutshell: Past dry climate (1) (Piovano et al. 2009) and large herbivores (2) (Barnosky et al. 2016,
Doughty et al. 2016) have limited tree cover, which could expand under present greater rainfall regime
(3)(Gautreau 2010, Hirota et al. 2011, Anadon et al. 2014a). Livestock consumes grass (10) and thereby
eliminates the fuel for fire (8,9) (Chapters 2&5), favoring woody expansion (4,5)(Pillar and Quadros
1997, Blanco et al. 2014) which could in turn limit grasses (5); however, livestock grazing (at early

stages of trees) also limits tree growth (7) (Chapter 2).

Forest-grassland transitions in coupled socio-ecologic systems

The previous findings imply that land use changes can result in significant changes in the trends
of forest—grassland transitions. In Chapter 3, | show that forest change in the Campos of
Uruguay is associated to climate and land use. Results suggest that forest cover likely decreased
as a result of agricultural expansion, which is consistent with the well-known role of agriculture

as a main cause of tree cover loss. Forest cover has, in contrast, increased in some regions with
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low agricultural cover where livestock densities have decreased. These changes were preceded
by a widespread reduction in sheep stock as a result of a drop of international prices (Montossi
etal. 2013). Forest gain occurred mostly in hills with rocky soils where sheep were not replaced

by cattle.

Potential increases in tree cover such as the one found in Chapter 3 may raise concerns
due to productivity loss in rangelands. However, the effects of trees in these grasslands have
not been systematically assessed. Chapter 4 sought, therefore, to understand potential impacts

of tree expansion in this ecosystem.

Is tree expansion threatening old-growth rangelands?

I found that isolated trees in subtropical rangelands can facilitate the growth and increase the
nitrogen content of herbaceous biomass, and increase the abundance of C3 winter species
within the herbaceous layer. This latter effect can contribute to an improved forage quality
along the year, particularly in the winter season, when grass productivity reaches its annual low
(Ode et al. 1980, Nordenstahl et al. 2011). Therefore, a potential expansion of trees into
rangelands can have positive effects for livestock productivity, provided that tree cover is kept
below the point where light limitation reduces grass growth. Trees can also facilitate shade-
tolerant C3 grasses in a context of increased extreme events under climate change, possibly
contributing to the resilience of these mixed C3-C4 grasslands

The Stress-Gradient Hypothesis (SGH) (Bertness and Callaway 1994) postulates that
the effects of trees on grasses tend to be positive in stressful environments but detrimental in
more benign conditions, where competition may prevail over facilitation (Gémez-Aparicio et
al. 2008, Dohn et al. 2013). The analysis of the impacts of isolated trees on grasses of central

Uruguay in this thesis (Chapter 4) is in line with suggestions that these positive interactions in
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mild environments may be more frequent than previously thought (Holmgren and Scheffer

2010, Holmgren et al. 2012).

Conclusions and future lines of research

As we cross the thresholds to uncertain planetary conditions, integrating human activities into
the ecological puzzles that may define our future is pressing. This thesis highlights the
relevance of long-term anthropogenic effects in shaping today’s ecosystems. Further studies
may assess how livestock, and its effects on fire regimes, can affect the structure, spatial
configuration and aggregation of trees in grasslands, and their potential ecological
consequences. Follow-up work will also be needed to assess which tree cover distribution may
maximize the system resilience in the face of climatic fluctuations and contribute the most to
increased ecosystem services. The findings of this thesis support the seemingly contradictory
idea that a transition from open grasslands to a savanna state in certain areas of subtropical
South America can have positive effects on the environmental services of these rangelands. It
is my hope that these results will contribute to balance the -currently mostly negative-

perceptions of the effects of tree expansion into grasslands.
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Summary

Plant associations are determined by complex interactions with their environment depending
on resource availability, landscape features, and periodic disturbances that shape the structure
and functions of these communities. Forests, savannas and grasslands extend across the global
land surface, contribute to planetary processes and provide ecosystems services sustaining local
production. However, the factors that explain the distribution of trees and determine these
biomes are still not well understood. In this thesis, long-standing questions about the origins
and distribution of these ecosystems are discussed in light of new evidence suggesting that a
feedback of fire and grasses may maintain forests, savannas and grasslands as alternative tree
cover states. | also address how anthropogenic land use, including the introduction of livestock,
may be affecting these dynamics, particularly in the neotropics, with consequences in terms of
potential transitions in tree cover regimes.

I analyze the distribution of trees in the grasslands of subtropical South America,
looking at what may determine current tree cover and change dynamics (Chapters 2 & 3). The
results suggest that, in non-cultivated areas, the expansion of trees into grasslands is likely
limited by fire, livestock and precipitation, and that livestock likely reduces fire frequency
(Chapter 2). The analyses also suggest that in the Uruguayan Campos of southeastern South
America, where fire frequency is low and livestock densities are high, a release in livestock
density may cause a moderate expansion of forests into grasslands (Chapter 3). To understand
the consequences of a potential transition to higher tree cover by increasing precipitation, |
looked at the effects of tree cover in subtropical rangelands (Chapter 5). The results indicated
that isolated trees can improve the forage quality and abundance of these rangelands, with
potential benefits in terms of biodiversity and ecosystem services. Lastly, | analyzed
correlational patterns relating livestock density to vegetation structure across the global tropics

and subtropics (Chapter 4), in an attempt to generalize the findings of Chapter 2. The results
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indicate that extensive livestock systems reduce fire frequency and impact vegetation structure,
maintaining savannas and grasslands with low tree cover, low fire frequency and a higher

presence of shrubs and dwarf trees.

Resumen

Las asociaciones entre plantas estan determinadas por interacciones complejas con el ambiente
que dependen de la disponibilidad de recursos, las caracteristicas del terreno, y perturbaciones
periddicas que dan forma a la estructura y funcion de las comunidades. Los bosques, sabanas
y pastizales que se extienden a lo largo de la superficie terrestre contribuyen a los procesos
planetarios y proveen servicios ecosistémicos que sostienen la produccidn local. Sin embargo,
los factores que explican la distribucion de arboles y determinan estos sistemas no son
plenamente conocidos. En esta tesis, preguntas histéricas sobre el origen y la distribucién de
estos ecosistemas son abordadas a la luz de nueva evidencia que sugiere que una
retroalimentacidn entre la ocurrencia de incendios y el crecimiento del tapiz herbaceo mantiene
bosques, sabanas y pastizales como estados alternativos. Asimismo, los usos del suelo,
incluyendo la introduccion del ganado, pueden afectar estas dinamicas, particularmente en los
neotrdpicos, alterando las dindmicas de transiciones entre estos estados.

En este trabajo analizo la distribucion de arboles en los pastizales de Sudamérica
subtropical y las variables que pueden determinar la distribucion actual de bosques y sus
dinamicas de cambios (Capitulos 2 y 3). Los resultados sugieren que, en areas no cultivadas,
la expansion de arboles esté posiblemente limitada por dindmicas de fuego, la ganaderia y la
precipitacion, y que la ganaderia reduce la frecuencia de incendios. (Capitulo 2). Los analisis
también sugieren que en los Campos de Uruguay, donde la frecuencia de incendios es baja y
la densidad ganadera alta, un descenso en la intensidad de pastoreo puede causar una expansion

moderada de bosques (Capitulo 3). Para entender las consecuencias de una transicion potencial
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hacia mayores coberturas arbéreas debido al aumento de precipitacion, se analizaron los efectos
de la cobertura arborea sobre el pastizal subtropical bajo manejo ganadero (Capitulo 4). Los
resultados mostraron que los arboles aislados pueden mejorar la calidad y abundancia de
forraje, con beneficios potenciales en términos de biodiversidad y servicios ecosistémicos.
Finalmente, se analizd la relacidn entre densidades ganaderas y la estructura de la vegetacion
en los tropicos y subtropicos globales (Capitulo 5), generalizando los hallazgos del capitulo 2.
Los resultados indican que los sistemas ganaderos reducen la frecuencia de incendios y afectan
la estructura de la vegetacion, manteniendo sabanas y pastizales con baja cobertura arborea,

baja frecuencia de fuego y mayor presencia de arbustos y arboles de baja estatura.
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