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Abstract South America harbors the highest plant diversity on Earth. The causes of
such exceptionally high diversity remain poorly understood, despite great attention
devoted to the ecology and evolution of biota in productive and geologically recent
ecosystems such as the Amazon forest and the Andes. Evidence suggests ancient and
extremely nutrient-poor landscapes are major centers of plant diversity and
endemism, and acted as interglacial refugia, but singularities of their evolutionary
history have been overlooked. Here, we examine to what extent Ocbil theory (old,
climatically-buffered, infertile landscapes) may prove useful in explaining diversi-
fication patterns in some of the most diverse Neotropical ecosystems. We propose a
theoretical framework that encompasses a mechanistic explanation for the predic-
tions of Ocbil theory, and links ecological and evolutionary processes to vegetation
patterns and functional traits. We review diversification patterns and population
genetics in campos rupestres vegetation in light of Ocbil theory. We propose areas
of future research that will accelerate and improve our understanding on the ecology
and evolution of Neotropical biota on ancient, nutrient-poor vegetation. This knowl-
edge is expected to shed light on the complex history of Neotropical plant diversifi-
cation and, ultimately, provide tools for their sustainable use and conservation.
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1 Introduction

The Neotropical region holds the highest plant diversity in the world (Gentry 1982;
Kier et al. 2005; Antonelli and Sanmartin 2011). The astounding Neotropical
diversity has fascinated Europeans explorers and naturalists during early scientific
exploration of the South American continent, and continues to wonder and puzzle
present-day biologists (Antonelli and Sanmartin 2011; Antonelli et al. 2015).
Despite such incredible high levels of diversity and endemism (Hughes et al.
2013), the mechanisms generating these patterns are not yet fully understood.

Much of the discussion of biogeographical gradients in species diversity has
stemmed from the marked contrast between tropical versus temperate ecosystems
(Pianka 1966). Pianka (1966) summarized six major theories (time, spatial hetero-
geneity, competition, predation, climatic stability, productivity) aiming to explain
the latitudinal species gradient, but surprisingly, after for more than 50 years, there is
yet no consensus on the factors driving species latitudinal gradients (Schemske and
Mittelbach 2017). The fact that some temperate areas harbor higher diversity and
endemism compared to some tropical ones (Cowling et al. 1996) suggests that
additional overlooked factors may play arole in driving large-scale species diversity,
or that the main six drivers may operate on other organizational scales, not only on a
global one. In addition, the fact that adjacent areas at the same latitude may strongly
differ in diversity and endemism patterns (Neves et al. 2018) reinforce the need of
understanding the role of additional drivers of plant diversity and endemism
(Fig. 14.1). With particular reference to the Neotropical regions, topography, soil
adaptation, niche conservatism, and dispersal ability have been proposed as addi-
tional key drivers of continental-scale assembly of the biota (Antonelli and
Sanmartin 2011), but the relative contribution of each driver remains elusive (but
see Rangel et al. 2018).

Hopper (2009) developed Ocbil theory, an integrated set of principles to explain
plant ecology and evolution in old, climatically-buffered, infertile landscapes
(OCBILs). Ocbil theory proposes a series of testable hypotheses that span several
levels of biological organization (from individuals to landscape), and helps explain
why these ancient landscapes challenge patterns of latitudinal gradients with regard
to species diversity and endemism. OCBILs are in the extreme end of a multivariate
continuum of variation in landscape age, climatic fluctuation and soil fertility,
whereas YODFELs (young, often-disturbed, fertile landscapes) stand at the other
end of this eco-evolutionary continuum (Hopper et al. 2016).

Most of the theories underpinning modern Biology were generated in YODFELs
(Hopper 2009), biasing the understanding of Neotropical vegetation and leading to
detrimental consequences for the long-term conservation of these ancient, nutrient-
poor vegetation types. A realistic example is the misunderstanding by some
European and North American ecologists that grassy biomes are deforested land
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Fig. 14.1 Theoretical model explaining biogeographic assembly of Neotropical flora across scales
(inspired by Gotzenberger et al. 2012). Each box depicts one of the six classical drivers of diversity
summarized by Pianka (1966). Lines indicate the role of each driver across each ecological scale.
Red lines indicate the three dimensions of Ocbil theory, with time reflecting landscape age,
productivity reflecting soil fertility and climatic stability reflecting climatic buffering (sensu Hopper
2009). The continental scale added here is included to provide complimentary explanations on why
latitudinal species gradient do not always hold true and why different sites at the same latitude have
contrasting diversities and endemism

cleared by humans (Veldman et al. 2017). As a result, many ill-conceived policies
have been advocated such as afforestation, despite clear evidence that planting trees
in biodiverse grassy biomes will erode biodiversity and associated ecosystem ser-
vices (Veldman et al. 2015). Gaining an evolutionary perspective into the assembly
of OCBILs can help to clarify this misconception and provide strong arguments to
improve conservation and restoration of extremely impoverished biodiversity
hotspots (Dayrell et al. 2016).

Ochbil theory has gained recent traction by Neotropical plant biologists, plant
ecologists, vegetation scientists and restoration ecologists, especially those studying
vegetation types that fulfill the criteria for a classic OCBIL. Until July 2018,
Hopper’s original paper (2009) has been cited by 21 studies in campos rupestres,
7 studies in inselbergs vegetation, 2 studies in fepuis and cangas each, and 1 in
campos de altitude and southern grasslands each. Evidence supporting Ocbil theory
is reviewed and discussed below for each of these vegetation types. Papers inspired
by Ocbil theory addressed a broad of topics, ranging from population genetics
(e.g. Hmeljevski et al. 2017b) to restoration ecology (e.g. Le Stradic et al. 2018),
attesting the value of Ocbil theory to both theoretical and applied sciences (Morellato
and Silveira 2018).

There are two main reasons why Ocbil theory is invoked to help explaining the
community-scale assembly of Neotropical communities. First, it addresses factors
that operate on a different scale than the classic Pianka’s drivers (Schemske and
Mittelbach 2017; Fig. 14.1), thus providing complementary explanations for global
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patterns of species diversity and endemism. Second, significant fractions of the
diversification of the Neotropical biota are related to the relatively recent Andean
uplift in western South America (Antonelli et al. 2009; Rangel et al. 2018), but most
Neotropical OCBILs are concentrated in eastern South America and are unlikely to
have been strongly affected by the Andean uplift. Present-day floristic similarities
between OCBILs and the Andes are relatively uncommon, suggesting limited biota
interchange (Alves and Kolbek 2010).

In this chapter we examine to what extent Ocbil theory may prove useful in
explaining diversification patterns in some of the most biodiverse Neotropical
vegetation types. We developed a mechanistic explanation for the Ocbil theory by
proposing a theoretical framework linking ecological and evolutionary processes to
vegetation patterns. Next, we address the ecology and evolution of vegetation types
that fulfill the criteria for a classic OCBIL. These vegetation types are amongst the
least studied Neotropical ecosystems, despite emerging evidence suggesting they
may be the most ancient (Hughes et al. 2013) and the most species-rich ones (BFG
2015) in South America. We scrutinize diversification predictions of Ocbil theory by
critically reviewing the literature on diversification and population genetics in
campos rupestres vegetation. Finally, we propose areas of future research that will
accelerate and improve our understanding on the ecology and evolution of Neotrop-
ical biota on ancient, nutrient-poor vegetation. We expect this knowledge shed light
on the complex history of Neotropical plant diversification.

2 Towards a Mechanistic Understanding of Ocbil Theory

Ocbil theory was conceived to better understand the origins, ecology and devise
conservation strategies tailored for biodiversity on OCBILs. These ecosystems are
particularly common in the Southern Hemisphere (Hopper 2009, 2018; Hopper et al.
2016) and remain largely unknown by most Northern Hemisphere plant scientists,
ecologists and evolutionary biologists, who were born and educated in YODFELSs.
Two exceptions are the Southwestern Australia Floristic Region (SWAFR) and the
Greater Cape Floristic Region (GCFR) in South Africa, which have received con-
siderable attention, probably due to their Mediterranean-climate, enabling their
comparisons with climatically similar ecosystems of the Northern Hemisphere
(e.g. Cowling et al. 2015).

Ochbil theory proposes a series of testable hypotheses (see Table 14.1) that have
inspired research and resonated with the ecology of some Neotropical OCBILs.
However, since its original inception, Hopper (2009) recognized the need for more
theoretical development of Ocbil theory, and the need for more quantitative assess-
ments of these predictions (Hopper et al. 2016). Here, we provide a conceptual
framework attempting to improve the mechanistic understanding of Ocbil theory by
connecting the three drivers of diversity (old landscapes, infertile soils and buffered
climates) with the expectations regarding diversification, vegetation patterns, and
species functional traits (Fig. 14.2). Two original predictions, the Semiarid Cradle
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Table 14.1 Mechanistic explanations for nine predictions of Ocbil theory and examples of ways of
testing them through direct and indirect evidence

Mechanistic
Prediction explanations Direct evidence Indirect evidence
Reduced Species are adapted to Reduced seed dispersal Predominance of spe-
dispersability | impoverished, patchily- | distance determined cies with no obvious
distributed soils. High under field conditions mechanisms of seed
risk of seeds landing on dispersal, few species
sites unsuitable for seed- with fleshy fruits, high
ling establishment genetic structure from
cpDNA
High local Reduced dispersability Quantitative determina- | High proportion of geo-
endemism results in local genetic tion of species geo- graphically restricted
and rarity divergence and allopatric | graphic areas and species and occurrence

speciation. Prolonged
interpopulational diver-
gence should lead to the
evolution of suites of
local endemic species

accurate estimates of
population sizes

of species with small
populations in patches

Old lineages

Lack of strong climatic
changes since at least the
Permian has allowed the
persistence of lineages
that arose during
Gondwanan times

Presence of ancient line-
ages determined through
time-calibrated phyloge-
nies and fossil record

Significant representa-
tion of ancient lineages
in floristic lists

Old Selective pressures on Determining reliable Combining estimates of
individuals strategies for persistence. | estimates of plant age plant relative growth
Resource limitation leads | under field conditions rate and plant size
to a resource-
conservative strategy
that implies in low
growth rates
The James Small population sizes Obtaining reliable esti- High proportions of
effect should select for strate- mates of pollen dispersal | species pollinated by
gies avoiding deleterious | distance, translocation, long-distance pollina-
effects of inbreeding heterozygosity, tors, larger genomes
dysploidy, polyploidy,
and the evolution of B
chromosome systems
and large genome sizes
Nutritional Long-term landscape Experimental data show- | High proportions of
specialization | weathering should select | ing effective functioning | carnivore and parasitic

for adaptations to cope
with extremely-
impoverished soils

of root specializations

species and species with
root specializations
including cluster roots,
dauciform roots and
sand-binding roots

(continued)
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Mechanistic
Prediction explanations Direct evidence Indirect evidence
Vulnerability | Lack of large-scale dis- | Experimental assess- Assessing natural
to soil turbances have not ments of natural regen- regeneration in sites
removal selected for traits favor- | eration following dated with different distur-

ing habitat
recolonization. Intrinsic
low growth rates and
limited dispersal prevent
natural regeneration

disturbances

bance ages along
chronosequences

Resilience to
fragmentation

Evolution for millions of
years in fragmented
populations have
selected for unexpected
persistence and resil-
ience to human-derived
habitat fragmentation

Low decrease in species
richness in artificially
fragmented sites, low or
absent decrease in fitness
(seed output) in plants
occurring in fragmented
sites

Persistence of small
populations on isolated
patches

Slow individ-
ual growth

Pervasive resource limi-
tation has selected for
traits associated with

Assessment of individual
growth under field and
experimental conditions

Data on functional traits
for plant communities

resource conservation

Hypothesis and adaptation to saline soils, can be expected only for the SWAFR, and
were excluded from our framework. The recent natural hybridization hypothesis
(Hopper 2018) was also excluded due to lack of available data in Neotropical
vegetation. To expand the predictive power of Ocbil theory, we also included an
additional prediction, the evolution of resource-conservation strategies, which we
discuss below (Table 14.1). The dynamic and flexible nature of our conceptual
framework accommodates the fact that some of the predicted patterns (see black
boxes in Fig. 14.2) are not only determined by the three drivers of diversity, but can
also indirectly provide feedback to other vegetation and trait expectations, thus
playing dual roles in the framework (see gray arrows in Fig. 14.2).

2.1 Driver-Pattern Feedbacks

Old landscapes, extremely-impoverished soils and buffered climate have been
proposed to be the main drivers of diversification, vegetation patterns and species
traits in a complex way (Hopper 2009; Table 14.1). Since the Cenozoic some areas
of the world have remained relatively free from extreme geological and climatic
events such as glaciation, mountain-building, volcanism, inundations, which has
resulted in continuous physical and chemical weathering, causing marked decreases
in nutrient availability such as Phosphorus (Lambers et al. 2008). In contrast, other
areas had been recurrently exposed to these large-scale climatic and geologic



14 Diversification in Ancient and Nutrient-Poor Neotropical Ecosystems:. . . 335

Reduced dispersability

Increased endemism

Common rarity
Old landscapes

i Old lineages

= Old individuals
Impoverished

soils ".,\ Y Pursuit of heterogeneity
' ¥,
Nutritional specialization
Buffered
climate Resilience to fragmentation

Vulnerability to soil removal

Slow individual growth

Fig.14.2 A mechanistic framework showing the connections between three major edapho-climatic
drivers of diversity (left panel boxes) and the predictions derived from Ocbil theory. These
predictions result in a set of plant traits and vegetation patterns shown in the right panel boxes.
The dashed arrow indicates that impoverished soils are the result of long-term physical and
chemical weathering in some cases. Here, we expand the predictions of Ocbil theory by including
an additional prediction that OCBIL plants have evolved a resource-conservation strategy in the red
box (explained in the text). Our framework also allows positive feedbacks among plant traits and
vegetation patterns (shown by gray arrows)

disturbances, resulting in rejuvenated soils with increased levels of soil nutrients
(Fig. 14.3).

Mucina and Wardell-Johnson (2011) challenged the central tenets of Ocbil theory
by identifying soil-impoverishment as a function of landscape age. It is undisputed
that old soils are of low fertility, thus landscape age drives soil fertility to some
extent (see the dashed arrow in Fig. 14.2). However, Schaefer et al. (2016) argue that
some quarzitic bedrocks at the Espinhaco Range are intrinsically nutrient-poor.
Therefore, soil fertility may be driven by long-term weathering, but this is not
always the case (Walker and Syers 1976). As soil progressively becomes infertile,
nutritional adaptations and biological specializations arise only in clades from
OCBILs, whereas some traits likely evolve only in clades from YODFELs
(e.g. traits selecting for long-distance seed dispersal) (Kriiger et al. 2015; Oliveira
et al. 2015; Zemunik et al. 2015; Turner et al. 2018).

Old lineages experienced prolonged speciation in ancient sites, where lower
climatic fluctuations did not prompt diversification, and at the same time had
decreased rates of species extinctions. In contrast, higher climatic fluctuations in
YODFELSs not only resulted in species extinction, but also created opportunities for
diversification (Fig. 14.3). As a consequence of contrasting diversification dynamics
in OCBILs versus YODFELS, ancient lineages (museums) occur only in the former,
whereas recent lineages (cradles) occur in both sites (Hopper 2009).

More recent events, the Andean uplift in the Neogene and geomorphological
changes during the Pliocene at the Espinhaco Range (Eastern Brazil; Saadi 1995),
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Fig. 14.3 Theoretical predictions of lineage diversification in Neotropical OCBILs (green panel
and line) and YODFELSs (red panel and line) (a) as a function of climatic and geological stability
(b). The model begins with a YODFEL transitioning to an OCBIL as climatic stability increases and
soil fertility decreases (overlapping area). Note that OCBILs are both museums (old lineages) and
cradles (recent lineages), whereas YODFELs contain only recent lineages. Rates of extinction
(graves) are higher in YODFELs and coincide with periods or disturbance. OCBILs are also
biodiversity pumps generating lineages to adjacent lowland YODFELs. Note a high speciation
rate during the Pleistocene indicated by a shaded area. Large-scale disturbance (indicated by arrows
with different width) results in soil rejuvenation, increasing soil Phosphorus content. Extensive
chemical and physical weathering in OCBILs results in loss of soil phosphorus generating
extremely-impoverished soils. Throughout time species evolve different traits indicated by circles.
Some traits are exclusive from each ecosystem (red, white and green circles), whereas others are
common in both ecosystems, arising from a common ancestor with shifted ecosystem (yellow
circle) or by convergent evolution (blue circles)

played a major role in diversification dynamics of Neotropical plants, which
extended throughout South America (Antonelli et al. 2009; Potter and Szatmari
2009; Antonelli and Sanmartin 2011; Armijo et al. 2015; Rangel et al. 2018). It is
expected that such pattern of rapid diversification may resulted in the evolution of
similar functional traits in both OCBILs and YODFELs during the Quaternary
(Fig. 14.3). This is supported by time-calibrated phylogenies showing recent and
rapid diversification of lineages in both ecosystems (Richardson et al. 2001; Hughes
and Eastwood 2006; Loeuille et al. 2015; Rando et al. 2016; Inglis and Cavalcanti
2018), but with exceptionally high diversification in the Andes (Madrifidn et al.
2013). Persistence of old lineages, in turn, was only reported for OCBILs (Zappi
et al. 2017; Alcantara et al. 2018).
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2.2 The Interplay Between Patterns and Mechanisms

The combination of old landscapes, infertile soils and buffered climates leads to
specific vegetation and trait patterns (see the black boxes in Fig. 14.2), but these can
also influence and feedback one another. For instance, dispersal from parental
habitat has high risks on OCBILs because plants are highly specialized to the
rocky or sandy soils where they occur and are thus susceptible to physiological
constraints that could limit growth in other habitat types (Porembski and Barthlott
2000; Jacobi et al. 2007; Poot et al. 2012; Silveira et al. 2016). Reduced
dispersability is therefore a common strategy among OCBIL plants (Hopper et al.
2016; Fig. 14.2) that promotes divergence of local populations and allopatric
speciation, and consequently contributes to increased endemism and common rarity
(Hopper 2009; Echternacht et al. 2011; Silveira et al. 2016). The constraints in seed
dispersal also limit population sizes and push towards mechanisms to conserve
heterozygosity and escape from the deleterious effects of inbreeding.

Soil infertility, especially severe P-impoverishment, is a strong environmental
filter that leads to a clear predominance of nutrient-conserving, slow-growing
strategy (de Paula et al. 2015; Oliveira et al. 2015; Pierce et al. 2017; Fig. 14.5c).
OCBILs are, therefore, mainly dominated by long-lived perennials that are able to
survive and resprout after fire (Bond and Midgley 2001; Le Stradic et al. 2015). The
great investment in persistent tissues in the nutrient conserving strategy may imply in
relatively less investment in sexual reproduction (Bazzaz et al. 1987; Ehrlén and van
Groenendael 1998; Gomes et al. 2018), often resulting either in a low seed set per
individual (Stock et al. 1989), or in high proportion of seeds that lack embryos or are
otherwise nonviable (Dayrell et al. 2016). The trade-off between nutrient-
conservation and investment in sexual reproduction reinforces the vulnerability to
soil removal, since OCBIL plants are not expected to have strategies for effective
habitat recolonization. Old individuals appear to be consequences of the slow growth
rate of plants (Negreiros et al. 2014; de Oliveira and Dickman 2017). The nutrient-
poor soils are also associated with well-known nutritional specializations to effi-
ciently capture and use soil nutrients (Lambers et al. 2010; Oliveira et al. 2015). It
leads to further vulnerability to soil removal (Fig. 14.5f, g) because: (1) disturbances
increases nutrients in the soil and these can be toxic for the plant (Barbosa et al.
2010); (2) disassociates species from the microhabitat they are extremely specialized
in; (3) potentially alters the soil microbiota (Lambers et al. 2018).

Finally, natural selection in buffered climates and impoverished soils during
millions of years favoured disjunct populations restricted to very specific soils in
fine-scale mosaics with other soil types, resulting in fragmented population systems
of many OCBIL plants. For this reason, these plants are also naturally resilient to
fragmentation caused by human activities (Hopper 2009). The mechanisms OCBIL
plants evolved to pursuit and conserve heterozygosity, including long-distance
pollination (Fig. 14.5¢), should also help population persistence in the face of
fragmentation by maintaining the flow of nuclear genes in these taxa (Fig. 14.2).
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3 Plant Diversity and Endemism in Neotropical Ocbils:
The Untold History of Ancient and Nutrient-Poor South
American Vegetation

Hopper (2009) originally included three sites as classic OCBILs, but anticipated the
existence of many other candidates across the southern hemisphere. The three
original OCBILs were the SWAFR, GCFR, and the fepuis in northern South
America. More recently, Hopper et al. (2016) identified significant areas covered
by OCBILs in at least 12 biodiversity hotspots around the globe, concentrated, but
not limited to the southern hemisphere (Fig. 14.4). Altogether the tepuis, campos
rupestres, SWAFR and GCFR cover only 0.27% of Earth’s land surface (Hopper
2009; Silveira et al. 2016), yet are home to 7.7% of the known vascular plant
diversity (Christenhusz and Byng 2016).

In the Neotropics, classic OCBILs are represented by the tepuis, campos
rupestres, cangas, campos de altitude and inselbergs (Fig. 14.4). The tepuis are
famous worldwide even outside the scientific literature, with the publication of “The
Lost World” by Sir Arthur Conan Doyle (Conan Doyle 1912). However, the other
four ecosystems have not enjoyed the same level of recognition. All five ecosystems
share and fulfill to varying extents the criteria for being included as OCBILs,
occurring at the extreme of old geological age, climatic stability, and soil infertility.
Below, we describe features of these vegetation types, although we recognize that
many other vegetation types (e.g. subtropical highland grasslands; Iganci et al. 2011)
and white-sand ecosystems in throughout Amazonia (Adeney et al. 2016) may also
fit the criteria for inclusion in Ocbil theory to some extent. Our focus is on
diversification patterns, but we also discuss vegetation patterns and plant traits
predicted by Ocbil theory (Table 14.2).

Two additional key geographic and geomorphologic characteristics are shared by
all Neotropical OCBILs. First, all five Neotropical OCBILs are associated with
rocky outcrops. Rocky outcrops are often long-lasting landscape features with stable
micro-climates and constitute ecological refuges (Fitzsimons and Michael 2017).
Also, populations growing on rocky outcrops with different geology and mineralogy
may be genetically differentiated (Borba et al. 2001a; Lousada et al. 2013; Leles
et al. 2015). At the community-level, there are clear differences in species compo-
sition and distribution of plant traits among different rock outcrop types (Carmo and
Jacobi 2016; Carmo et al. 2016). The fepuis and the campos rupestres are of
quartzite and/or sandstone geology, cangas occur on ironstone outcrops (mostly
banded iron formations), and inselbergs and campos de altitude on granitoids.

The second characteristic is that all of them can fit the definition of sky islands
(isolated mountaintops surrounded by drastically different lowland environments;
McCormack et al. 2009). This raises the question on whether Ocbil theory should be
invoked to explain the high species diversity and endemism in these ecosystems,
since mountains per se outside polar regions and deserts are home to an exceptional
biodiversity and high levels of endemism regardless of landscape age and soil
fertility (Colwell et al. 2008; Steinbauer et al. 2016; Hoorn et al. 2018). There are
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Fig. 14.4 Typical landscape of Neotropical Ocbils include the campos rupestres (a, b), vegetation
on ironstone outcrops (cangas) (¢, d), Inselbergs (e, f), and campos de altitude (g, h). Note the sky
islands distribution across all vegetation types in Bahia (b), Espirito Santo (e) and Rio de Janeiro
states (h). Individuals of Vellozia are shown in a dehydrated state (¢) and on flowering (d). Pictures
a, b, d, g, h—Augusto Gomes, c—Luiza C. Martins, e, f—Luiza de Paula
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Table 14.2 Summary of empirical support for the predictions of Ocbil theory across four Neo-
tropical Ocbils

Campos Campos de
Prediction rupestres Cangas Inselbergs | altitude
Reduced dispersability Inferred Inferred Inferred NC
High local endemism and Confirmed Confirmed | Confirmed | Confirmed
rarity
Old lineages Confirmed Confirmed | Confirmed | Confirmed
Old individuals Confirmed NA Inferred NA
The James effect Confirmed NC Confirmed |NC
Nutritional specialization Confirmed NA NA NA
Vulnerability to soil removal | Confirmed Confirmed | Inferred Inferred
Resilience to fragmentation Inferred Inferred Inferred Inferred
Slow individual growth Confirmed Inferred Confirmed |NC

Confirmed indicates support from direct evidence, whereas inferred indicates support from indirect
evidence, NA indicates non-available data and NC indicates not-conclusive data

marked genetic differentiations in populations growing on different sky islands
(Pinheiro et al. 2011), so these ecosystems are excellent models to study species
diversification, which is discussed in the next section.

Neotropical OCBILs are represented by grassy-shrub, open vegetation usually
associated with outcrops of different origin. The campos rupestres and campos de
altitude are fire-prone ecosystems, although human-caused fires may occur on
cangas and inselbergs occasionally. Neotropical OCBILs often occur on some of
the most spectacular landforms and landscapes of eastern South America, often on
mountains that are spatially distributed as terrestrial islands (Fig. 14.4). Such
landscape is better described as a mosaic of islands of ancient climatically-buffered,
infertile highlands immersed in a matrix of relatively recent and fertile landscapes.
Typical Neotropical OCBILs discussed include the fepuis (scattered throughout the
Amazon forest), campos rupestres (immersed in the Atlantic Rain Forest, Cerrado
and Caatinga biomes), on ironstone outcrops such as the cangas (in Central Ama-
zon, Cerrado and Atlantic Forest) and on granitic-gneissic outcrops such as insel-
bergs and the campos de altitude (embedded in Caatinga and the Atlantic Rain
Forest biomes). They all cover diminutive geographic areas, but host disproportion-
ately high levels of diversity and endemism (Safford 1999a; Porembski 2000; Jacobi
et al. 2007, Silveira et al. 2016).

The geological origin of banded iron formations, quartzite and granitic outcrops
in Eastern South America dates back to the Precambrian with dates ranging from
2.5 Ga to a few hundred million years (Twidale 1982; Klein 2005; Gradim et al.
2014; Vieira et al. 2015). Throughout late Proterozoic and the Phanerozoic, long-
term chemical and physical weathering denudated such landscapes (Barreto et al.
2013), creating snow-free mountains ranging in altitudes from 900 to 2020 m above
sea level. This suggests that their present-day altitudes are only a fraction of what
they once were (Safford 1999b). This ancient geological origin has set the scene for
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the establishment of the some of the oldest open vegetation types in Eastern South
America (Hughes et al. 2013; Zappi et al. 2017).

The ancient origin of OCBILs markedly contrasts with the recent Andean uplift
during the Neogene and diversification of lineages associated with the geomorpho-
logical and hydrological changes in Western South America. These recent changes
have been extensive documented and explored (Antonelli et al. 2009), but the
evolutionary and ecological history of Neotropical OCBILs is not well understood.
Below, we discuss these issues for four typical vegetation types that are centers of
diversity and endemism (Fig. 14.4). For the ecology and evolution of the tepuis, a
fifth typical OCBIL, refer to Rull (2005, 2009).

3.1 Campos Rupestres

Campos rupestres (or rupestrian grasslands) is defined as a montane, grassy-
shrubby, fire-prone vegetation mosaic with outcrops of quartzite or sandstone,
along with sandy, stony, and waterlogged grasslands. Patches of transitional vege-
tation such as cerrado, gallery forests, and relictual hilltop forests are also within the
sensu lato definition of campos rupestres (Silveira et al. 2016; Morellato and Silveira
2018). Campos rupestres vegetation dominates the highest elevation sites at the
Espinhaco Range, the third largest mountain chain in South America. The Espinhago
Range is bordered on the eastern slopes by the Atlantic Rain Forest, on the western
slopes by the Cerrado, and on the northern slopes by the Caatinga (see map in
Morellato and Silveira 2018). However, isolated sites also occur in central and
southern Brazil, central Amazonia, northeastern Brazil, and eastern Bolivia. Despite
occupying an area smaller than 0.8% of Brazil, campos rupestres host nearly 15% of
plant diversity in the country (Silveira et al. 2016). Endemism in campos rupestres is
nearly 40%, the highest among Brazilian vegetation types (BFG 2015).

The acknowledgment of campos rupestres’ exceptionally high diversity, ende-
mism, and typical harsh environment has emerged only recently (Fernandes 2016;
but see Giulietti et al. 1997), and the causes of such diversity are still being debated.
Nevertheless, studies on population genetics in campos rupestres species are rela-
tively common (see Sect. 4). While the prediction of persistence of old lineages (the
Gondwanan heritage hypothesis) has been supported by literature (see reviews in
Silveira et al. 2016; Zappi et al. 2017; Alcantara et al. 2018), recent diversification of
some lineages also indicates the campos rupestres as cradles of endemic lineages
(e.g. Ribeiro et al. 2013; Loeuille et al. 2015; Rando et al. 2016; Inglis and
Cavalcanti 2018). Unfortunately, there are few time-calibrated trees for campos
rupestres lineages, and those available do not focus on the most diverse and
dominant clades.
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3.2 Vegetation on Cangas

Vegetation growing on ironstone outcrops (locally known as cangas), are geologi-
cally, pedologically, structurally, floristically and functionally different from previ-
ously identified quartzitic and sandstone campos rupestres (Mucina 2018).
Therefore, vegetation establishing on ironstone outcrops is treated here separately
from the campos rupestres (sensu Silveira et al. 2016). Ironstone outcrops originate
from Precambrian deposits (Klein 2005) and constitute some of the world’s most
important sites of iron ore mining. In Brazil they are best represented by sites at the
Iron Quadrangle in southeastern Brazil (Jacobi et al. 2007) and the Carajas Range in
eastern Amazon (Viana et al. 2016), but small patches are found elsewhere (Carmo
and Kamino 2015).

Ironstone outcrops share most of the characteristics of other outcrops, such as
isolation and edapho-climatic harshness, but differ in that they metal-rich substrates
targeted for extensive and rapidly increasing opencast mining, and thus subjected to
irrecoverable degradation (Jacobi et al. 2007). Iron caves are singular habitats that
are extremely sensitive to human impacts (Jaffé et al. 2018). Vegetation on cangas is
recognized as centers of diversity and endemism, with southeastern Brazil hosting
nearly 3000 species (Carmo et al. 2018). Species establishing on cangas show
adaptations to heavy metals in the soils (Jacobi et al. 2007), but their ecology is
poorly understood (Giannini et al. 2017; Lanes et al. 2018).

Population genetic studies on a cangas endemic and threatened bromeliad sug-
gest that heterozygosity is lower than expected due to selfing or biparental inbreed-
ing and that low genetic differentiation probably results from long distance
pollination by hummingbirds (Lavor et al. 2014). However, knowledge on diversi-
fication patterns in cangas is virtually unknown.

3.3 Campos de Altitude

Campos de altitude (or high-altitude grasslands) are a series of cool-humid, grass-
dominated formations restricted to the highest summits of the Serra da Mantiqueira
and Serra do Mar Range, the second largest mountain range in South America, only
to the Andes (Safford 1999a). The Serra do Mar Range stretches along the Atlantic
Coast fully immersed within the Atlantic Rain Forest biome, and campos de altitude
are found exclusively on uplifted blocks of igneous or high-grade metamorphic
rocks, ranging from Archean gneisses to Late Proterozoic granites and granitoid
gneisses (Safford 1999a). The campos de altitude has been present on highest
summits (from 1800 to 2000 m upwards) from at least since the Late Pleistocene
and occupies an area of only 350 km? in the present-day (Safford 1999a).

The flora of the campos de altitude is highly diverse and characterized by a high
degree of endemism, and has stronger floristic similarities (at least at genus-level)
with the flora established on the equatorial alpine formations of the Andean and
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Central American Cordillera; these similarities also extend to climate, soils, and
landscapes (Safford 1999a, b; Alves and Kolbek 2010). Macroclimatic similarities
between the Andes and the Serra do Mar Range may form the basis for the strong
biogeographic connections, and the context within which evolutionary and ecolog-
ical parallelisms shaped the biota of these two widely separated Neotropical moun-
tains (Safford 1999b). Ancient elements of the flora are represented by Gondwanan-
heritage lineages such as Velloziaceae, Eriocaulaceae and Xyridaceae. Pollination
by long-distance pollinators such as hummingbirds is not high as predicted by the
James effect hypotheses (Freitas and Sazima 2006).

3.4 Inselbergs

Inselbergs, or granitic and gneissic monolithic rock outcrops are emblematic exam-
ples of ancient, nutrient-poor ecosystems that are scattered across the Neotropics
(Porembski et al. 1997; Porembski 2000; Scarano 2002; Neves et al. 2017). Insel-
bergs rise abruptly above the surrounding lowland landscape as sky islands. These
outcrops are found embedded in a matrix of Amazon forest (Sarthou et al. 2017,
Villa et al. 2018), Atlantic Rain Forest (de Paula et al. 2016), Caatinga (Silva et al.
2018), and the southern grasslands (Carlucci et al. 2015). They fulfill many criteria
of Ocbil theory, with their geological dating back to the Precambrian (Twidale
1982), and their prevailing stressful conditions including shallow (or absent),
nutrient-poor soils, water stress, high temperatures and constant winds (Porembski
2000; Scarano 2002; de Paula et al. 2015).

Inselbergs harbor a highly diverse, endemic and threatened flora (Porembski
2000, 2007; Porembski et al. 2016). The spatial configuration of terrestrial islands
is likely the cause of high beta diversity among inselbergs, with species turnover
being the major driver of changes in species composition (Martinelli 1989; Sarthou
et al. 2017). Inselbergs are centers of endemism for several plant clades, but
especially for Bromeliaceae (de Paula et al. 2016). The origin and diversification
of this Neotropical dominant family is associated with rocky outcrop formation in
the tepuis and southeastern Brazil (Givnish et al. 2014; Gomes-da-Silva et al. 2017).

To date several studies have addressed population genetics, reproductive ecology,
phylogeography and radiation in inselbergs endemics (e.g. Barbard et al. 2008, 2009;
Palma-Silva et al. 2011; Pinheiro et al. 2014). Pollination by long-distance pollina-
tors (large bees, bats and hummingbirds), short seed dispersal distances, high genetic
differentiation and structure, low genetic connectivity and long-term persistence of
populations emerge as ubiquitous patterns (e.g. Paggi et al. 2010; Hmeljevski et al.
2017a, b). The sky islands of inselbergs also isolate populations on inselbergs
summits. Some of these studies have explicitly tested the idea of dispersal limitation
by comparing population genetic structure from nuclear genes (mediated by pollen
dispersal) and chloroplast markers (mediated by seed dispersal). Some studies have
found higher genetic structure from cpDNA (plastid DNA) compared to nuclear
DNA (Hmeljevski et al. 2017a, b), therefore suggesting seed dispersal is much more
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limited than pollen dispersal (Sarthou et al. 2001) and providing indirect support for
Ochbil theory in inselbergs endemics. Nevertheless, most studies on inselbergs plants
are restricted to bromeliads and orchids (but see Duputié et al. 2009), limiting our
ability to draw general conclusions for inselbergs vegetation.

4 Diversification and Population Genetics in Campos
Rupestres

Island-like environments are recognized as cradles for endemic plants, due to
(1) restricted gene flow between populations, followed by speciation by genetic
drift, or (2) distinct selective pressures, leading to speciation by local adaptation
(Kier et al. 2009; Stuessy et al. 2014; Crawford and Archibald 2017). Besides
geographic isolation, elevation is also positively correlated to an increase in ende-
mism, due to topography-driven isolation (Steinbauer et al. 2016). In a seminal
work, Giulietti and Pirani (1988) suggested that the disjunct distribution of the
campos rupestres leads to disjunct population distribution of its plant species,
especially the rupicolous ones, potentially constituting one of the main engines to
the great plant diversity and high endemism observed in this ecosystem. Here we
summarize some of the findings of population genetics studies investigating this
hypothesis.

In the campos rupestres and other Neotropical island-like OCBILs, the barrier to
gene flow imposed by the matrix is strong, because plants would be physiologically
constrained by their high specialization to the rock or sandy soils (Porembski and
Barthlott 2000; Jacobi et al. 2007; Poot et al. 2012; Silveira et al. 2016). It has also
been proposed that in this environment the lineages persist in loco for long periods of
time, since it is expected that the climate is buffered and that physical characteristics
of the outcrops allow the maintenance of stable microhabitats during climatic
oscillation (Main 1997; Hopper 2009; Silveira et al. 2016). Indeed, simulations
indicate that outcrop flora remains in local refugia during drier climate periods
(Schut et al. 2014). All these factors are expected to lead to population systems
with prolonged independent evolution and higher coalescence times than the
observed in naturally less fragmented landscapes, as observed in OCBILs in
Australia (Byrne and Hopper 2008; Tapper et al. 2014a, b). Differently from the
vegetation of lowland Neotropical forests and savannas, which are alternative stable
states maintained mainly by vegetation-fire feedbacks (Murphy and Bowman 2012),
the soil-specialized vegetation of campos rupestres is not expected to expand
significantly out of the geographical limits of the outcrops and sandy soils during
climatic oscillations, sporadically becoming more continuous. However, it is
expected that the populations could suffer demographic changes during climatic
oscillations, as population sizes are not strictly linked to geographical range sizes
and migration could be affected by matrix characteristics (Barbosa et al. 2015).
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The first genetic studies testing the hypothesis by Giulietti and Pirani (1988)
began only in the twenty-first century, which found very divergent results regarding
genetic diversity and structuring between species of orchids (Borba et al. 2001a) and
Asteraceae (Jesus et al. 2001). Since then, genetic diversity of populations of more
than 80 campos rupestres plants species have been evaluated (Table 14.3).
Allozymes were the more frequent marker employed, representing nearly 60% of
all studies. Sequencing of nuclear and plastid regions, RAPD, SSR, and ISSR were
also a source of information. The geographical distribution of these species covered
all the latitudinal distribution of the campos rupestres, but there was a strong focus in
some groups such as Orchidaceae (24 species, Fig. 14.5a, b), Fabaceae and
Cactaceae (14 each) and Asteraceae (10 species). Bromeliaceae and Apocynaceae
(6 species each), Eriocaulaceae and Velloziaceae (5), Melastomataceae (1) and
Polygonaceae (1) were also studied (Table 14.3).

Campos rupestres species showed either low or high intra-population genetic
diversity, with only a few species showing regular levels (meaning close to the
average observed for different markers in plants; refer to Hamrick and Godt 1990,
1996; Nybom 2004) (Table 14.3). Narrowly distributed taxa show lower levels of
variation in some comparisons with congenerics, but definitive conclusions cannot
be drawn since studies on rare endemics or endangered species did not concentrate
on taxa with lower levels of genetic diversity (Franceschinelli et al. 2006; da Silva
et al. 2007). Some endangered species also present low intrapopulation genetic
diversity (e.g. Lambert et al. 2006a, b; Pereira et al. 2007; Jesus et al. 2009), what
would be expected for species with small populations threatened by human activi-
ties. In addition, some studies that showed lower levels of genetic diversity point out
to limitations inherent to the markers as one possible masking factor for this pattern.
Generally, species of Orchidaceae showed high values of genetic diversity, while
species in Asteraceae, Eriocaulaceae, and Fabaceae generally presented lower
values. These trends have been tentatively explained by life-history traits, mating
systems, demography, and ecological characteristics, but unfortunately, data on
more species are still not available to test these hypotheses.

The population genetics of campos rupestres species corroborates that gene flow
between populations is limited. Twenty-four out of 60 studies where population
differentiation was evaluated (Table 14.3) showed high fixation index (Fgt), giving
support to the hypothesis that the huge diversity of species, especially of endemics,
observed in the campos rupestres is generated due to limited gene flow among
populations. From the 23 studies that showed low levels of differentiation,
14 encompassed endemics with narrow geographic distributions. In addition, low
genetic differentiation between populations may be related to ancestral polymor-
phisms due to limited marker variability, mainly in allozymes. For example, Borba
et al. (2001a) pointed out that some close areas possess exclusive alleles, despite the
overall similarity between populations, indicating that this similarity could be an
artifact of the marker resolution.

Campos rupestres plants from distinct families exhibited greater genetic struc-
turing in plastid markers compared to nuclear markers, as a result of lower gene flow
by seed dispersal than by pollen dispersal (Barbosa 2011; Palma-Silva et al. 2011;
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Fig. 14.5 Flowers of fly-pollinated orchids (Bulbophyllum perii, a and Bulbophyllum exaltatum, b)
from campos rupestres. Young seedling of Pleroma (Melastomataceae) established directly on a
granitic outcrop showing a developed aquiferous pith related to water conservation (c). Dry capsules
of Lavoisiera subulata (Melastomataceae) showing fruits with no obvious mechanisms for seed
dispersal (d). Hummingbird-pollinated flowers of the mistletoe Psittacanthus robustus
(Loranthaceae) (e). Lack of spontaneous natural regeneration following soil removal due to road
building in campos rupestres (f) and surface iron ore mining in cangas (g). Pictures a, b—Cecilia
Fiorini, c—Luiza de Paula, d, f—Fernando Silveira, e—Tadeu Guerra, g—Lucas Perillo

Pinheiro et al. 2014). Even in the presence of pollen flow, isolation due to low seed
dispersal may lead to conflicts between nuclear and plastid genes, and consequent
reproductive isolation and speciation (Greiner et al. 2011; Greiner and Bock 2013;



356 F. A. O. Silveira et al.

Barnard-Kubow et al. 2016). Studies investigating speciation by gene conflict
(Crespi and Nosil 2013) should be performed to examine the extension of their
commonality in OCBILs.

Isolation by distance (IBD) was found in 18 of the 42 taxa tested (Table 14.3).
IBD was more common in species with smaller geographic distributions, suggesting
that long distances restrict plant species gene flow in campos rupestres. For some
species, even on short distances, there were no signs of IBD, indicating stochastic
colonization of the patches. However, some cacti showed IBD, despite their broad or
medium distributions. This could be related to seed and pollen dispersion strategies
(Bonatelli et al. 2014). One Asteraceae species with intermediate geographic distri-
bution also showed evidence of IBD, but data may have been influenced by two
populations that are highly isolated from the species core area (Jesus et al. 2001).

The population genetics studies in campos rupestres show that the disjunct
distribution of this environment is an important factor in the diversification of its
species. This pattern could be expected for species with traits leading to low
dispersability, such as seeds of dry fruits without adaptations for anemochory
(e.g. Fig. 14.5d) and flowers pollinated by small insects, or animals presenting
optimal foraging behavior (e.g. social bees and territorialist hummingbirds). The
presence of such traits has been invoked as justifying the high genetic structuring in
species of some plant groups, such as Velloziaceae (Franceschinelli et al. 2006;
Lousada et al. 2011, 2013; Barbosa et al. 2012), Eriocaulaceae (Pereira et al. 2007,
Ribeiro et al. 2018), and some Asteraceae (Jesus et al. 2001, 2009; Collevatti et al.
2009). The data presented by these studies support the hypothesis of low
dispersability as a characteristic of the plant species in OCBILs, particularly
expected in environments such as campos rupestres, with the occurrence of
populations clearly delimited in small areas, due to local peculiarities of character-
istics of sandy soils and small, isolated outcrops.

The moderate to high genetic structuring observed in some species of
Orchidaceae would not be expected, at least theoretically (e.g. Azevedo et al.
2007; Borba et al. 2001a, b, 2007a, b; Ribeiro et al. 2008; da Cruz et al. 2011;
Leal et al. 2016). Orchid seeds are among the smallest and lightest in plants, and can
travel hundreds of kilometers by the action of the wind (Arditti and Ghani 2000).
However, the absence of individuals in rocky outcrops nearby established
populations (a few tens or hundreds of meters), and apparently very similar to
outcrops with large populations of the same species is remarkable. We suggest
that in these cases the potential of physical dispersal of these seeds is not a good
indicator of effective dispersal (considering seed germinability and seedling estab-
lishment; Schupp et al. 2010), probably due to small variations in physical, chemical
and biological characteristics (in the case of orchids, occurrence of symbiotic
mycorrhizae) of the substrate. Unfortunately, no study has been conducted so far
to test this hypothesis.

Future studies might make an effort to achieve better resolution about the gene
flow dynamics by using more powerful markers and analysis (Bertorelle et al. 2010;
Ellegren 2014; Andrews et al. 2016), bearing in mind the need for careful sampling
to avoid spurious patterns of genetic structure. We also emphasize the need to
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encourage the development of studies determining the effective dispersal and its
restrictions in the different groups of plants, especially in those presenting both
significant genetic structuring and characteristics that would not favor such struc-
turing, such as pollination by birds and bats (e.g. Bromeliaceae) and long-distance
seed dispersal by wind (e.g. Orchidaceae).

As generally campos rupestres plant species show a pattern of high population
differentiation, a better understanding of campos rupestres species life-history and
demography is fundamental for their conservation. In population systems where the
genetic variability is structured, as occurs in the campos rupestres, the loss of a
single population could have a great impact on total species diversity and may
compromise its conservation. Besides, as an island-like environment, campos
rupestres also offer opportunities for the study of the evolution of species and a
better comprehension of differentiation processes.

5 Conclusions

Here, we argued that Ocbil theory is useful for explaining diversification, vegetation
patterns and functional traits in old, climatically-buffered and infertile landscapes.
Notably, all Neotropical OCBILs overlap with montane areas and their geographic
distribution can be described as sky islands. Sky island theory plays a role in
structuring species and genetic diversity in these four ecosystems, but it does not
aim to explain the evolution of functional traits related to resource acquisition and
conservation. Therefore, we contend that Ocbil theory and sky island theory both are
useful for explaining plant ecology and evolution in South America’s most ancient
and infertile soils.

The four examples presented here—campos rupestres, cangas, inselbergs and
campos de altitude—illustrate ecosystems which occupy a diminutive area, yet
harbor exceptionally high diversity and endemism. Compared to Australian,
European and North American ecosystems, the study of ecology and evolution of
Neotropical OCBILs is still in the first development steps. However, the results that
we already have show an astonishing opportunity for a better understanding of the
drivers of biological diversification. These ecosystems are excellent models to study
speciation, diversification and evolution, and should be given special conservation
priority. Bringing ancient, nutrient-poor open vegetation to the forefront of Neo-
tropical plant biologists is critical to increase awareness of their conservation and
restoration (Fiedler 2015; Overbeck et al. 2015; Veldman et al. 2015, 2017,
Morellato and Silveira 2018). Some of these ecosystems are among the most
threatened by human-impact (Fernandes et al. 2018) and we run the risk of rapidly
losing an irreplaceable evolutionary history. Such understanding is not only impor-
tant to reconstruct the complex biogeography of the Neotropics, but also is vital for
sustaining ecosystem services (Fernandes et al. 2018; Pontara et al. 2018).
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5.1 Areas of Future Research

Despite recent developments and progress towards the understanding of the ecology
and evolution of biota in OCBILs, opportunities for future investigation remain vast.
Moving from qualitative to quantitative assessments of ecosystem properties would
provide robust evidence to test the predictions of Ocbil theory. Available evidence
supports the campos rupestres and inselbergs as classic OCBILs, but more research
is needed on the diversification patterns and species traits in cangas vegetation and
campos de altitude in order to determine their position in the OCBIL-YODFEL
multivariate continuum (Table 14.2).

Particularly, we need to move from indirect to direct indicators of diversification,
vegetation patterns and functional traits. We call for further measurements of both
pollen and seed deposition patterns under field conditions (Schupp et al. 2010),
quantitative meta-analyses of diversification patterns (e.g. Madrifidn et al. 2013),
controlled experiments determining the effectiveness of root specializations
(Giisewell and Schroth 2017), and long-term assessments of the impacts of soil
removal and habitat fragmentation. Such data will be important to support the
development of empirical quantitative modeling. We should also have a better
appreciation on the role played by habitat heterogeneity in determining species
diversity (Schemske and Mittelbach 2017), which is not addressed extensively by
Ochbil theory.

The recent developments in sequencing technologies and the progressive increase
in computer power are also offering us an unseen capability of evaluating past
biological dynamics on non-model organisms with more resolution and accuracy
(Ellegren 2014). Many of the 50 fundamental questions about island biology pro-
posed by Patifio et al. (2017) could be answered in the context of the Neotropical
OCBILs with molecular tools, boosting the understanding of this field in a context
still little explored. Researchers studying Neotropical OCBILs should take advan-
tage of these to better explore evolutionary hypotheses and shed light on the exciting
life on OCBILs.

The pervasive bias in the ecological literature towards young and fertile environ-
ments (Martin et al. 2012) has prevented the evolution of a theoretical framework for
Gondwanan vegetation. We contend that theory of plant ecology and evolution in
the Neotropics needs to challenge pre-established paradigms and offer fresh per-
spectives that can be derived by Ocbil theory.
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