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Abstract

Southern Brazil’s Araucaria Forests are unique, iconic, and vanishing. Part of a globally important
biodiversity hotspot, they are threatened by 20*"-Century deforestation and 21-Century
anthropogenic climate changes. Natural climate variability and Indigenous people also affected
Araucaria Forests over many millennia, but considerable uncertainty remains over the type and
scale of theirimpacts. Interweaving ecological models and data on past, present and future human,
climate and vegetation dynamics, this thesis seeks to better understand the roles of climatic and
non-climatic factors — including topography, human land use, and fire — in shaping Araucaria Forests
over the last 21,000 years and into the late 21°* Century.

Results show that 21°*-Century anthropogenic climate change will likely bring greater disruption to
Araucaria Forests than the last 21 millennia of natural variability. Key species will experience major
range contractions and novel warm-adapted forests will replace long-established floristic
associations, echoing and exceeding changes from the Holocene onset 12,000 years ago. Araucaria
populations will likely find shelter in small-scale microrefugia, but more than a third of these have
already lost their natural vegetation cover and few remnants are well protected.

But results also show that climate only partially controls Araucaria Forest dynamics. 21,000 years
ago, low atmospheric CO, concentrations helped grasslands dominate woody vegetation, a
dynamic which continued until recent millennia. Araucaria Forests then flourished late in the
Holocene, as climate changes tipped landscapes over fire-suppression thresholds, triggering
runaway forest expansion. Although subtle human impacts can be difficult to see in fossil pollen
data, pre-colonial Indigenous communities did significantly shape Araucaria Forest structure and
composition with fire, crop cultivation, and enriched Araucaria populations.

This understanding of how past climatic and non-climatic factors combined to shape contemporary
Araucaria Forests provides vital information for their future — from non-linear responses to climate
shifts to conservation strategies and pathways for sustainable resource use.
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Introduction

Brazil's Araucaria Forests are among the most interesting ecosystems in the world. Found in the
highest and coldest region of one of Earth’s richest and most threatened biodiversity hotspots,
South America’s Atlantic Forest, they are ancient, iconic, and vanishing (Bellard et al., 2014; Neves
et al., 2017). 20™-Century deforestation, along with rampant exploitation of Araucaria trees
(Araucaria angustifolia) for timber, devastated the landscapes on southern Brazil's highlands — some
80-90% of their natural vegetation was destroyed (de Carvalho and Nodari, 2010). Now, a warming
world with disrupted rainfall patterns further threatens this ecosystem and the relatively cool,
constantly moist climatic conditions it requires (Beck et al., 2018).

Predicting what the future holds is always riven with uncertainties. One way of narrowing the range
of predictions surrounding Araucaria Forests’ future dynamics is to look to their past, taking
advantage of the highlands’ responses to climate changes and human land use over the long term.
This is the aim of the work in this thesis, which examines how Araucaria Forests (and the rest of the
southern Atlantic Forest) responded to the slow natural climate changes which unfolded over the
last 21,000 years, and to the human impacts which played a significant role in driving vegetation
change in recent millennia. These provide the context for the even greater climate and vegetation
changes predicted to occur over the coming decades of the 21 Century, and suggest ways future
disruptions could be mitigated.

This thesis is structured around four main chapters: each is a scientific paper which stands alone,
but all build on one another to form a cohesive whole. Three of the four chapters have already been
published at time of submission (Cardenas et al., 2019; Wilson et al., 2019, 2021), and the fourth has
been submitted to a journal. The first chapter predicts responses of Araucaria trees to 21°*-Century
climate change, considering topographic microrefugia and historic habitat loss. The second chapter
examines how contemporary Araucaria Forest vegetation is represented in modern pollen spectra,
to guide interpretations of past floristic change. (This chapter was led by another member of the
research group, and is included here as the results are relevant and | made a substantial contribution
to the study; the other three chapters are more central to this thesis.) Chapter 3 investigates floristic
changes to Araucaria Forests and their neighbouring ecosystems over the last 21,000 years and into
the late 21°* Century. Chapter 4 untangles the contributions of natural climate changes and
Indigenous land use to shaping Araucaria Forests in the Late Holocene.

Bookending the main chapters are a literature review and a concluding discussion. The literature
review seeks to situate the main chapters in a wider context, examining the crucial concept of
resilience and providing an overview of research into ancient human impacts in tropical forests,
before introducing the specific ecological context for this thesis and the knowledge gaps its
research aims to fill. The concluding discussion summarises the main chapters’ findings, synthesises
them in relation to the wider literature, and then sets out potential future directions for this work
and the studies’ wider relevance.

References

Beck, H. E. et al. (2018) ‘Present and future Képpen-Geiger climate classification maps at 1-km
resolution’, Scientific Data, 5, p. 180214. doi: 10.1038/sdata.2018.214.
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Literature review

This literature review is divided into four sections, each covering a key component of the
background to my PhD research. The first section, ‘Palaeoecology, resilience and conservation’,
examines the concept of ecological resilience and how understanding ecosystems’ centennial or
millennial-scale pasts can play a critical role in predicting and safequarding their futures. The second
section, ‘Domesticated/wilderness: tropical forests’ past plants and people, and present
polarisation’ explores one of (palaeo-)ecology’s most contentious issues: the extent to which
modern tropical forest biodiversity was and remains shaped by past climate changes and
Indigenous people.* Section three, ‘The present, recent past, and near future of Brazil’s Araucaria
Forests’, introduces the contemporary ecological context within which | examine these broader
concepts. Finally, the fourth section, ‘Plants and people in southern Brazil's past’, places the former
section’s ‘long present’ period into a wider temporal context, reviewing our understanding of the
palaeoclimates, palaeoecology and archaeology of southern Brazil's highlands.

Each of these sections is, to some extent, interdependent, and together they help to set the scene
for the research in this thesis. Where necessary, | clarify differences between the state of knowledge
at present and when my PhD research was conceived. Throughout, | endeavour to highlight how the
chapters which follow provide important advances in our understanding of Brazil’s Araucaria
Forests and their resilience to past and future climate changes.

1 Palaeoecology, resilience and conservation

This section introduces some of the key underpinning concepts in this thesis, highlighting the value of
palaeoecology for future-focused conservation. It explores concepts of resilience and vulnerability, and
how palaeoecological insights improve our understandings of biodiversity responses to disturbance,
using past periods with different climates to examine community- and species-level responses at
different spatial and temporal scales. In doing so, it demonstrates the value of connecting observations
of the past with planning for the future — a key aim for this research.

How do you study an ecosystem no ecologist has ever seen?
Jack Williams & Stephen Jackson (2007, p. 475)

Life on Earth is in the grip of intersecting, existential climate and biodiversity crises, with around a
million species threatened with extinction, including one or two in every five plants (Brummitt et al.,
2015; IPBES, 2019; Nic Lughadha et al., 2020). Drastic action in the present is urgently needed to
avoid significantly damaging potential futures — for nature and for human societies (IPBES, 2019). In
this context, researching ecosystems in the distant past might appear esoteric — but palaeoecology
has a vital role to play in understanding how populations, species, communities and ecosystems
may respond to our planet’s rapidly changing conditions (Dietl et al., 2015; Barnosky et al., 2017;
McElwain, 2018; Fordham et al., 2020; Tierney et al., 2020). Understanding the past, therefore, is
essential for understanding the present and gaining insight into the future.

A key concept which spans the temporal divide is that of resilience (along with its counterpoint,
vulnerability), which can generally be considered as the ability of a system to respond to

*| capitalise ‘Indigenous’ in this thesis in recognition that it refers more accurately to a community identity
than to a descriptor of geographic origins. This decision was inspired, and is explained, by this editorial on the
style guide for the anthropology magazine Sapiens: https://www.sapiens.org/language/capitalize-
indigenous/. For further discussion, see Supplementary Information 1 of Garnett et al. (2018).
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perturbations. Ecosystems can display at least two types of resilience: resistance to, and/or recovery
from, change (Davies et al., 2018; Willis, Jeffers and Tovar, 2018). More resilient ecosystems may
resist more significant pressures for longer without undergoing structural, compositional and/or
functional reorganisation, or they may more readily rebound to their previous state after their
capacity to resist has been exceeded, or both (Davies et al., 2018; Willis, Jeffers and Tovar, 2018).

Palaeoecological research provides invaluable insights into ecosystems’ resilience to disturbances
(both human and climatic) — as the only available source of concrete, empirical data on how
biodiversity responds to disturbances over longer-than-observational timescales, past-focused
research is irreplaceable (Willis et al., 2010; Wilmshurst et al., 2014). This section examines several
of the contributions palaeoecology can make to conservation, and how plans to maintain
ecosystems' resilience to future climate changes can draw on vegetation histories.

Biogeographers have potentially powerful tools for predicting potential ecological responses to
future climatic conditions (e.g. ecological niche models), but their outputs are subject to
uncertainties and their accuracy for future time periods is difficult to verify. In this context, it can be
informative to examine how ecosystems have responded to past climates which are analogous to
potential future conditions; although our planet’s average temperatures are rapidly warming to
levels unprecedented in human evolutionary history, such analogues can still be found (Tierney et
al., 2020). For instance, mid-Holocene (ca. 6,000 years ago) conditions in Amazonia were
significantly drier and potentially somewhat warmer than the present, yet the region’s rainforests
persisted apparently intact throughout (Smith and Mayle, 2017; Smith, Singarayer and Mayle,
2021). This finding suggests that the coming decades’ climatic changes alone should not be
sufficient to cause biome-level savannisation or dieback — avoiding potentially catastrophic
consequences for the global climate (Smith, Singarayer and Mayle, 2021). Indeed, for tens of
millions of years, Earth's tropical rainforests have persisted through conditions even more extreme
than the mid-Holocene, demonstrating more resilience to elevated temperature and CO; levels
than contemporary observations alone would suggest (McElwain, 2018; Carvalho et al., 2021).

This is one of the most significant challenges with using past climates as analogues for the future:
“research into long-term ecological dynamics, past or future, is heavily conditioned by our current
observations ... [yet] the further we move from the present, the more it becomes an inadequate
model for past and future system behaviour" (Williams and Jackson, 2007, p. 475). Species’
distributions in the present may cover only a portion of their wider fundamental niches, meaning
they could respond in unexpected ways to changed conditions. Past climates extend the range of
conditions over which species’ responses can be observed, allowing palaeoecology to clarify the
limits of their climatic resilience and indicating where, when and how future climates may challenge
these boundaries (Williams and Jackson, 2007). Using palaeoecological data to account for this
contemporary ‘niche truncation’ can change predictions of species’ vulnerability and resilience to
future climate changes in significant and complex ways (Nogués-Bravo et al., 2016).

Palaeoecological research has demonstrated that ecological responses to climate changes occur at
the species level — ecosystems do not react en masse (Williams et al., 2004; Williams and Jackson,
2007; Jackson and Blois, 2015). Combined with species’ unexpected climate tolerances, this can
produce ‘ecological surprises’ (Williams and Jackson, 2007). Some of the most significant such
surprises are species assemblages with no present analogue, some of which have had extensive
distributions in North and South America (including Amazonia) at points in the past (Colinvaux, De
Oliveira and Bush, 2000; Bush et al., 2004; Williams et al., 2004; Lima et al., 2018). These
demonstrate that ecological communities are neither inevitable nor robust through time, but rather
each “comprises a single place that happens to be occupied by an assemblage of species with

14



overlapping distributions and environmental tolerances" — “one small, ephemeral point in a roiling,
dynamic unfolding of environmental change, distribution dynamics, and spatially aggregated
ecological processes” (Jackson and Blois, 2015, p. 4917). Consequently, land managers must choose
between ‘classical’ and ‘emerging’ conservation paradigms: whether protected landscapes should
be preserved in or restored to historically known states (Willis et al., 2010; in which case
palaeoecology can provide crucial information on ecological baselines; Rick and Lockwood, 2013;
Wilmshurst et al., 2014); or whether to implement taxon-agnostic measures which maximise
ecosystem services or biodiversity per se, or which mimic the ecosystem’s historical structure and
functions (Barnosky et al., 2017).

Even at species level, however, responses to past and future climate changes can be variable. Under
unfavourable past conditions, some species in some landscapes underwent apparently wholesale
range contractions, retreating to refugia in areas with more suitable climates (Magri, 2008; Gavin et
al., 2014). Areas with moderate, stable climates are more likely to act as refugia for species in both
past and future, so can be treated as conservation priorities — especially as past refugia may
conserve important genetic diversity as well as the conditions needed for it to evolve (Gavin et al.,
2014; Tang et al., 2018). However, palaeoecological research has also demonstrated that small-
scale refugia can also play an important role in allowing populations to survive in areas experiencing
generally unfavourable conditions (Rull, 2009; Montade et al., 2014; Valencia et al., 2016; Bemmels,
Knowles and Dick, 2019). These microrefugia occur in locations whose topography or hydrology
uncouple their microclimates and/or fire regimes from broad-scale climatic conditions and trends,
such as river valleys which collect relatively cool, moist air (Rull, 2009; Ashcroft, 2010; Dobrowski,
2011; Wilkin, Ackerly and Stephens, 2016; McLaughlin et al., 2017). Depending on their capacity, the
extent to which they can retain favourable conditions, and how quickly the macroclimate improves
again, these locations can act in various ways: as stepping stones, facilitating migration to new
suitable areas; as temporary microrefugia (sensu Hannah et al., 2014), providing relief in transient
periods of unsuitable climate conditions; or as final holdouts, in which dwindling populations are
confined under progressive climatic change (Hannah et al., 2014; Keppel and Wardell-Johnson,
2015). Microrefugia, and the topographic features that often give rise to them, are important
targets for conservation — not just because of the species they can be predicted to protect, but
because their climate-decoupling features will make them valuable components of the landscape
for species not yet threatened (Mosblech, Bush and van Woesik, 2011; Valencia et al., 2016; Suggitt
etal., 2018).

Each of these lessons or concepts from palaeoecology is relevant for future-focused conservation,
and each plays a part in this thesis. Previous studies modelling ecological responses to southern
Brazil's palaeoclimates have generally focused on the Last Glacial Maximum and mid-Holocene, but
these are relatively poor analogues for southern Brazil’s future (Cruz et al., 2007, 2009; Chou et al.,
2014). The early Holocene, for example, was the region’s driest period for tens of millennia (Figure
4-3), so could provide more valuable information on the limits of ecosystems'’ resilience to more
extreme climates (Cruz et al., 2007, 2009); this was a key motivation for examining a wide range of
past time slices in Chapter 3 (see also Sections 4.1 and 4.2). The modelling in Chapters 3 and 4 also
allows for compositional change and the development of no-analogue assemblages, rather than
examining only contemporary (so potentially ephemeral) communities — in recognition that this is
likely to have been a key part of how ecosystem responses to unusual past and future climates.
Chapter 1 incorporates fine-scale topography in its predictions of ecosystem dynamics under
climate change because these sites are likely to provide conservation-critical holdout microrefugia
for Araucaria trees in the future. In Chapter 4, similar techniques are included because more
favourable micro-environments could significantly enhance Araucaria Forests’ persistence and
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recolonisation in the landscape under past fluctuations between challenging and favourable
conditions —a crucial step for increasing the realism of model predictions and marrying them
effectively to palaeoecological vegetation proxy data.

2 Domesticated/Wilderness: tropical forests’ past plants and

people, and present polarisation

This section outlines one of the key conceptual areas to which this thesis relates — the extent to which
Indigenous people affected (sub-)tropical ecosystems in the past, and the extent to which these
ecological legacies can still be seen. It provides a high-level overview of the debates which dominate
this controversial topic, the lines of evidence which inform the discussion, and how the methods in this
thesis can advance our understanding in this area.

[Wi]as the landscape encountered in the sixteenth century primarily pristine, virgin,
a wilderness, nearly empty of people, or was it a humanized landscape, with the
imprint of native Americans being dramatic and persistent?

William Denevan (1992, p. 369)

Tropical and subtropical forests are some of the most important ecosystems on the planet, holding
disproportionate shares of global biodiversity and sequestered carbon, and playing an outsized role
in global climate regulation (Lewis, Edwards and Galbraith, 2015; IPBES, 2019; Raven et al., 2020;
Roberts, Hamilton and Piperno, 2021). They are also significantly threatened, suffering from often
precipitous rates of habitat loss — almost a third of Neotropical forest has been lost, for example,
and less than 12% of remnant Indo-Malay forests have high landscape integrity (IPBES, 2019;
Grantham et al., 2020). In addition to their ecological value, tropical forests have nurtured
disproportionate shares of human cultural and linguistic diversity, with unique attendant knowledge
of the natural world, and they have been home to tens of millions of Indigenous people for tens of
thousands of years (Roberts et al., 2017; Camara-Leret and Bascompte, 2021; Ellis et al., 2021;
Roberts, Hamilton and Piperno, 2021).

In the course of forging and sustaining cultures and communities, Indigenous people altered the
landscapes around them in many different ways, some impacts of which can still be seen in the
makeup of the forests (Roberts et al., 2017; Levis et al., 2018; McMichael, 2021; Roberts, Hamilton
and Piperno, 2021). Understanding the extent to which Indigenous people changed tropical forests
in pre-colonial times > —the changes’ spatial coverage, magnitude, and durability through time —is
crucially important for conservation and management decisions, Indigenous land claims,
assessments of resource use sustainability, and our understanding of the forests’ resilience to
disturbance (Mayle and Iriarte, 2014; McMichael, 2021). Most importantly for this thesis, being able
to separate out human causes for observed past vegetation changes clarifies the extent to which
tropical forests’ long-term dynamics have been driven by climatic conditions — and therefore how
resilient these ecosystems are to climate changes (Mayle and Iriarte, 2014; Roberts et al., 2017;
McMichael, 2021; Roberts, Hamilton and Piperno, 2021).

2 | use ‘pre-colonial’ in preference to alternatives like ‘pre-Columbian’ because it is a more general term. It is
the more intuitive and descriptive phrase, and applies beyond the Americas. It also implicitly recognises that
the changes to Indigenous ways of life came more from spatially and temporally heterogeneous changes in
local/regional governance than from the fact that Europeans had discovered the Americas (which came
centuries before direct European impacts on southern Brazil’s highlands).
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The extent to which Indigenous people affected tropical landscapes before European arrival has
been researched and debated in many parts of the world, but possibly the fiercest and most
consequential debate surrounds legacies of past human impacts in Amazonia, as befits the world’s
largest tropical rainforest (Mayle and Iriarte, 2014; S Yoshi Maezumi et al., 2018; McMichael, 2021).
Since associated research, debates and controversies are better developed here than elsewhere,
Amazonia’s plants, people and past represent a useful vehicle for studying the broader issue. This
section does not therefore seek to comprehensively review the literature on past human impacts on
Amazonia, but rather to examine how the scientific consensus has evolved and the types of
evidence which have helped to inform the debate, with a view, ultimately, to their application to
similar questions in southern Brazil's highlands.

The first Europeans to arrive in Amazonia reported finding dense, well-developed settlements along
major waterways, but more dedicated exploration in later centuries generally found tracts of forest
apparently untouched by the now-sparse Indigenous populations — a consequence of catastrophic
depopulation in the intervening period (Denevan, 1992; Loughlin et al., 2018). As recently as the late
20" Century, the prevailing wisdom from available research was that tropical forests could not
sustain large populations or complex societies — but more recent archaeological research has
revealed widespread evidence for significant human occupation across much of the region, and
ecological and palaeoecological research has demonstrated that associated environmental changes
could be significant (McMichael et al., 2014; Roberts et al., 2017; de Souza et al., 2018, 2019;
Fletcher et al., 2021; Roberts, Hamilton and Piperno, 2021). This has led to the revaluation of the so-
called ‘pristine myth’, and the rise of the countervailing idea that Amazonia was instead
‘domesticated’ at European arrival (Denevan, 1992; Heckenberger et al., 2003; Clement et al., 2015;
Levis et al., 2018). Each paradigm is immensely consequential for Amazon ecosystems and the
people who live in, think about, or manage them at local, regional and global scales (Bush and
Silman, 2007).

For rhetorical convenience (as in the title of this section), the two competing views of Amazonia’s
past plants and people are often presented as polar opposites (which they are) with researchers split
between the two camps (which, for the most part, they are not). In the contemporary scientific
literature, the pristine myth is mostly vanquished, whereas the idea of Amazonia as ‘cultural
parkland’ (Heckenberger et al., 2003) is the more dominant extreme. For the most part, however,
the debate chiefly concerns where Amazonia sits on the continuum between these two views. It is
widely accepted that contemporary Indigenous people intentionally and incidentally affect the
forests they live among in various ways (reviewed in depth by Levis et al., 2018), and that these
activities and their impacts also occurred in the past. Still at issue is the spatial extent of those
impacts (were they near-universal or largely confined to seasonal and fluvial areas?) and their
magnitude (how much of a difference did they make, and can their effects still be seen?). To help
resolve these questions, researchers have used various lines of evidence from a range of techniques
and disciplines.

The Brazil nut tree (Bertholletia excelsa) has exceptional cultural and economic importance to
Indigenous people across Amazonia; it may in turn owe much of its ecological importance to those
people. It has a distribution far wider than closely related species without having any inherent
dispersal advantages, yet its genetic diversity suggests recent and rapid expansions —human
influence in these could be reflected in the connections among the species’ names in different
languages (Shepard and Ramirez, 2011). Comparing ecological models with forest surveys shows
that Brazil nut trees are more likely to be encountered around archaeological sites, as well as
growing larger and in denser stands there —though a climatic contribution to this pattern cannot be
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ruled out (Thomas et al., 2015). Contemporary observations show that Kayapo Brazil nut harvesters
plant and unintentionally disperse Brazil nuts in groves, villages, and along the trails between them,
providing a potential mechanism for these patterns (Ribeiro et al., 2014); dendroecological research
shows that Brazil nut trees experienced reduced growth rates in the post-colonial period,
suggesting that Indigenous management had been favourable for them (Caetano Andrade et al.,
2019).

The Brazil nut is one of the 220 or so hyperdominant tree species in Amazonia, which together
make up half of the region’s roughly 390 billion trees (ter Steege et al., 2013, 2020). These
hyperdominant trees are more likely to show signs of potential incipient domestication than would
be expected by chance alone, and individuals of potentially-domesticated hyperdominants are
more regionally widespread than their non-domesticated counterparts (Levis et al., 2017). Across
much of Amazonia, forests close to known archaeological sites have larger and richer populations of
potentially-domesticated hyperdominant trees than those further away (Levis et al., 2017). Yet
inferences from this basin-wide analysis are complicated: it is challenging to demonstrate that a
species has undergone incipient or advanced domestication, rather than simply having naturally
attractive traits; the 1,100 or so locations in the Amazon-wide network of forest plots oversample
areas with higher pre- and post-colonial human impact (McMichael et al., 2017); and the causal link
between human occupation and useful species locations is not certain — while people may have
promoted key plants, they might also have preferentially settled more resource-rich areas (Levis et
al., 2017).

Effectively disentangling the causal relationships between Indigenous occupations and useful plant
populations requires research that looks to the past — palaeoecology, archaeology, and studies
which integrate them both (Mayle and Iriarte, 2014). Archaeological research in south-western
Amazonia has shown, for example, that Brazil nuts were harvested, selected for size, and used
alongside palm fruits and other useful species — strongly suggesting ‘domestication in motion’
(Parssinen et al., 2021). Palaeoecological records close to archaeological sites have recorded a
plethora of pre-colonial human-environment interactions — from using fire to hold off expanding
forests (Carson et al., 2014) to maintaining high canopy cover (Kelly et al., 2018), and from crop
cultivation (Bush et al., 2016) to enriching forests with useful tree species (Iriarte et al., 2020). On
the other hand, other palaeoecological studies have also found that some currently hyperdominant
species have had long histories of high abundance, irrespective of human occupation, and some
Amazon forest records show little sign of pre-colonial human impact on the vegetation (McMichael
et al.,, 2015; Bush and McMichael, 2016; Piperno, McMichael and Bush, 2019; Piperno et al., 2021).
All these findings are built on foundations which relate palaeo-proxies (fossil pollen, phytoliths, soil
stable carbon isotopes (63C), etc.) to the distribution, structure and composition of modern
vegetation (Gosling et al., 2009; Jones et al., 2011) — something that can be challenging, especially
for landscapes with intermediate canopy cover (Whitney et al., 2019).

Almost all of the above techniques have been brought to bear in studying forest changes associated
with one of Amazonia’s most important indicators of Indigenous occupation — Amazonian (or
Anthropogenic) Dark Earths (ADEs). Found predominantly (but not exclusively) along watercourses,
these were (and are still) formed by Indigenous people enriching soils with charcoal and refuse over
long periods of occupation, conferring on ADEs far higher fertility than surrounding natural soils
(McMichael et al., 2014; Levis et al., 2020). In palaeoecological records, the onset of human
occupations and development of ADEs is associated with changes to fire regimes, soil chemistry,
and forest composition (including increasing abundance of useful species, such as palm trees) —
changes which cannot be explained by climate alone (S Yoshi Maezumi et al., 2018; S. Yoshi
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Maezumi et al., 2018; Iriarte et al., 2020). These changes are not confined to the past: forest
inventories across different parts of Amazonia have found that ADE forests remain compositionally
and structurally different to those on non-ADE substrates, with some structural differences visible in
satellite imagery (Palace et al., 2017; S Yoshi Maezumi et al., 2018; S. Yoshi Maezumi et al., 2018;
Ferreira et al., 2019; Oliveira et al., 2020). The presence of ADEs helps to describe the basin-wide
abundance patterns of potentially-domesticated hyperdominant trees —including, it seems, the
Brazil nut (Thomas et al., 2015; Levis et al., 2017). And these legacies of past human-environment
relationships are important for the future, too: the persistent structural and compositional changes
in ADE forests appear to influence the vegetation’s contemporary susceptibility to fire —and, by
extension, to climate change (S. Yoshi Maezumi et al., 2018).

In recent decades, the consensus view of Amazonia’s human history has shifted considerably,
largely putting to rest the myth of virgin Amazon wilderness and small-scale, low-impact human
occupation (at least in the most relevant sectors of academia), and turning to test the assumptions
of widespread, significant and persistent human changes to the forest. It may not be wise — or even
possible — to characterise the entire, vast Amazon region as simply ‘pristine’ or ‘domesticated’, or
even somewhere in between. But what various investigations across multiple disciplines have
certainly shown is that humans have had significant impacts on the forest across wide expanses of
both space and time. Improving our understanding of these is crucial for clarifying these critical
ecosystems' resilience to contemporary human impacts, including anthropogenic climate change.

Such questions are, of course, relevant further afield than Amazonia. Brazil’s Atlantic Forest biome
(the focus of this thesis), for example, has an equivalent claim to attention on grounds of
biodiversity and human history (see Sections 3.1 and 4.3), and in parts has excellent
palaeoecological, archaeological, palaeoclimatological and ethnographic data. Yet the debate
between ‘pristine’ and ‘domesticated’ here has barely begun, and significant human impacts are
rarely discussed — chiefly because extremely few studies have brought together the various
disciplines’ strands of evidence to investigate how human history shaped the Atlantic Forest's
contemporary biogeographic patterns (Section 4.3). My thesis attempts to do just this.

Chapter 2 (Cardenas et al., 2019) lays important groundwork for using fossil pollen data to
understand past human impacts on Araucaria Forests, clarifying the extent to which floristic and
structural changes in the vegetation can be detected. Chapter 3 (Wilson et al., 2021) develops and
evaluates modelling and palaeo-data synthesis techniques that help to interpret predicted and
observed past changes in southern Brazil's vegetation. And Chapter 4 brings these techniques
together: using different modelling approaches, advanced palaeoclimate analysis, syntheses of
archaeological and palaeoecological data, and new multiproxy records of fire and vegetation history
in archaeological contexts, it examines the extent to which climate changes, fire dynamics and
human interventions affected Araucaria Forests through the Late Holocene. In so doing, it
complements the future-focused research in Chapters 1 and 3 (Wilson et al., 2019, 2021), together
demonstrating the potential vulnerabilities of southern Brazil’s highland vegetation to
perturbations by people and climatic changes.

Finally, just as the central issues in the question of anthropogenic Amazonia are relevant in the
Atlantic Forest and elsewhere, so are the techniques in this thesis (especially Chapter 4) more
widely relevant. By combining spatiotemporally explicit predictions of vegetation change with
observations, examining multiple potential drivers of vegetation change (humans, climate, fire),
incorporating chronological uncertainty, and comparing palaeoecological records across
archaeological gradients, Chapter 4 provides a comprehensive view of the complexities of past
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human impacts on (sub-)tropical ecosystems. These methods should help shed light on similar,
critical questions elsewhere too —in Amazonia and beyond.

3 The present, recent past, and near future of Brazil's Araucaria

Forests

This section introduces the contemporary ecological context for my PhD research: the Atlantic Forest
biome; its Atlantic Rainforests and Seasonally (semi-)Deciduous Forests; and the highland ecosystems
that sit between them at the biome’s southern extreme, on which my research has most closely
focused. I provide key ecological background on Araucaria Forests, Campos grasslands, the mosaic they
form and the Araucaria trees which characterise it, as well as the highland ecosystems’ recent history,
present state, and the future threats my PhD research addresses.

3.1 The Atlantic Forest biome

The Atlantic Forest biome (Mata Atlantica), which covers more than 3,000 km of Brazil's coast and
stretches inland into Argentina and Paraguay, is a global biodiversity hotspot (Myers et al., 2000;
Oliveira-Filho and Fontes, 2000). It contains 26% more seed plant species than the Brazilian
Amazon (15,004 vs. 11,902), half of which are endemic (a proportion three times higher than that of
Amazonia; 49.5% vs. 16.0%) — indeed, 2% of all the world’s species of seed plants (as well as about
3% of its non-fish vertebrates) are found in the Atlantic Forest and nowhere else (Oliveira-Filho and
Fontes, 2000; Oliveira-Filho et al., 2014; Brazil Flora Group, 2015; Lughadha et al., 2016; Scheffers et
al., 2019; Figueiredo et al., 2021).3

The Atlantic Forest’s immense biodiversity is gravely threatened. Precise estimates vary depending
on the data and methods used 4, but the great majority — perhaps 63% (MapBiomas Trinational
Atlantic Forest Project), 72% (Rezende et al., 2018), 85% (Fundacdo SOS Mata Atlantica and
Instituto Nacional de Pesquisas Espaciais, 2020) or 88% (Ribeiro et al., 2009) — of the biome has lost
its natural vegetation, replaced by pasture, croplands, exotic forestry plantations, and some of
South America’s largest urban areas (Souza et al., 2020; fig. 3-1; Rosa et al., 2021). Almost a fifth of
the natural forest areas still found in the Atlantic Forest are less than 30 years old (Rosa et al., 2021).
83% of Brazil's Atlantic Forest fragments are less than 5o ha in size; three quarters of the remaining
forest is within 250 m of a non-forested area; and despite the biome covering ca. 1.5 million km?in
Brazil, none of its forest area is further than 12 km from a fragment edge (Ribeiro et al., 2009).
Those forest fragments cover 40% less climate space than the biome as a whole (Brown et al.,
2020), and have lost between a quarter and a third of their biomass, stored forest carbon, and tree
species (de Lima, Oliveira, et al., 2020). Across the tree of life, contemporary species assemblages
are only about 45-50% similar to their historic or non-deforested composition (Bogoni et al., 2018;
Brown et al., 2020). The erosion of these facets of diversity, and their disproportionate impact on

3 The designation of the Atlantic Forest as a global biodiversity hotspot was originally made by Myers et al.
(2000) using a limited — and now outdated — circumscription of the ecosystem (Oliveira-Filho and Fontes,
2000); their estimates of biome-level and global species richness have also been superseded. However,
updated estimates for species richness for seed plants in the Atlantic Forest sensu lato (Brazil Flora Group,
2015) and world (Lughadha et al., 2016) — as also for non-fish vertebrate species (Scheffers et al., 2019;
Figueiredo et al., 2021) — support the figures quoted here (see also supplementary material for Chapter 4).

4 Satellite image resolution, tolerance of secondary vegetation, spatial extent (Brazil alone or including
Argentina and Paraguay), and evaluation period all affect the estimate. Importantly, the estimate of Ribeiro et
al. (2009) assumes the entire biome would naturally be covered in forest, which is untrue. References to
‘original’ cover are usually erroneous — rather, losses are normally assessed against a counterfactual present.
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endemic species, is increasingly homogenising the Atlantic Forest’s remarkable variety of life (de
Lima, Oliveira, et al., 2020).

My research focuses on superlative ecosystems in the Atlantic Forest’s southern region: its most
intact and biodiverse; its most fragmented and threatened; its highest, coldest and most unique.
Floristically, these ecosystems are not generally separated by clear distinctions, but rather exist
along a compositional continuum with high species turnover between (and often within) the

region’s forest formations (Oliveira-Filho and Fontes, 2000; Duarte et al., 2014; Oliveira-Filho et al.,
2014; Bergamin et al., 2017; Esser, Neves and Jarenkow, 2019). They are introduced in the following

sections.
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Figure 3-1: Current (2019) land cover and land use in the Atlantic Forest biome (MapBiomas Trinational Atlantic
Forest Project - Collection 1 of annual land use and land cover maps, accessed on 26/10/2021 via
https://bosqueatlantico.mapbiomas.org, no date). Inset maps show a more detailed view of my main study area
(top left) and the coverage of the Atlantic Forest (under its broadest definition) in the context of South America.
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3.2 Atlantic Rainforests and Seasonally (semi-)Deciduous Forests

The beauty of the forests is breathtaking and, in its majesty, almost suffocating.
[...] The variety of trees is so numerous that one life is too short to be able to know
them all.

Hermann Blumenau, 1850, quoted in Nodari (2013).

The Atlantic Forest biome's currently accepted definition is broad, but originally it was conceived as
covering only the evergreen tropical and subtropical rainforests that occurred in a relatively narrow
band (generally <100 km) between highlands and coast (Oliveira-Filho and Fontes, 2000). This
Atlantic Rainforest (also called Dense Ombrophilous Forest or Serra do Mar forests) was the
ecosystem originally designated as a global biodiversity hotspot (Myers et al., 2000), and it remains
the biome’s most biodiverse (up to twice the species richness and endemicity of other forest types),
intact (37% natural cover), and protected formation (11% of its forest remnants, and 53% of all
Atlantic Forest protected area) (Ribeiro et al., 2009; Schorn et al., 2012; Neves et al., 2017; de Lima,
Souza, et al., 2020). Nonetheless, despite being the least threatened of the ecosystems in my PhD
research, the Atlantic Rainforest is still an Endangered ecosystem — a result of contemporary and
(especially) historical human-driven changes in its distribution (Ferrer-Paris et al., 2019).
Climatically, the Atlantic Rainforest is associated with high average annual temperatures and
humidity, with no dry season and rare frosts, though significant variations in these conditions across
the forests’ broad elevational range (Figure 3-2) alter their composition; lowland, submontane and
montane formations can be distinguished (Klein, 1975; Uhlmann et al., 2012; Lingner et al., 2013).

The Atlantic Forest ecosystem which most contrasts with the Atlantic Rainforest is the biome’s
Seasonally (semi-)Deciduous Forest (SDF, sometimes called Alto Parana forests), found in the
biome’s western reaches, at the southern border of the highland plateau, and along the Uruguay
river valley (Figure 3-2). The most extensive formation in the Atlantic Forest, SDF has been among
the most damaged by human habitat conversion (Figure 3-2) — it has lost 93% of its natural
vegetation and has been assessed as Critically Endangered (Ribeiro et al., 2009; Ferrer-Paris et al.,
2019). This devastating deforestation mainly occurred in the mid-20" Century in Brazilian territory
(Nodari, 2012), but its later onset in Paraguay has made it visible in satellite observations: natural
vegetation coverage in Paraguay’s SDF fell from 73.4% in 1973 to 24.9% in 2000, with about 30% of
those 2000 remnants lost in the two decades since, mostly for farming (Da Ponte, Mack, et al., 2017;
Da Ponte, Roch, et al., 2017; Huang et al., 2007; MapBiomas Trinational Atlantic Forest Project).
Although Atlantic Forest SDF is often grouped into the Neotropical seasonally dry forest biome, the
semi-deciduous SDF in southern Brazil, Argentina and eastern Paraguay does not actually
experience dry periods (Dryflor, 2016) — in fact, its range sees comparably high average
temperatures and rainfall to the Atlantic Rainforest, but greater temperature seasonality and more
frequent frosts (Gasper et al., 2012). Many canopy trees shed their leaves in winter as a response to
these low temperatures and the shorter photoperiod, exposing an evergreen sub-canopy layer
(Klein, 1975; Gasper et al., 2012).

Although the Atlantic Rainforest and SDF are both relevant to this thesis (especially Chapter 3), my
PhD research focuses primarily on the landscapes found in between them on southern Brazil's
highland plateau: the unique Araucaria Forests, the ancient Campos grasslands, the complex
mosaic they form, and the iconic Araucaria trees which characterise them all.
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Figure 3-2: Climatic overview of the southern Atlantic Forest 5 (clockwise from top left): a) elevation and the
potential natural extent of Seasonally (semi-)Deciduous Forests, Araucaria Forest-Campos mosaic, and Atlantic
Rainforest (Olson et al., 2001); b) KGppen-Geiger climate classifications (Beck et al., 2018) and regions
mentioned in the text; c) and d) the region’s annual mean temperature and dry-quarter precipitation (Karger et
al., 2017); e) the ecosystems’ relationships to key climatic variables and elevation (based on a random sample of
1,000 points within each).

5 Seasonally deciduous forests and Atlantic coastal rainforests extend further north than depicted here, but
under increasingly different (and therefore less relevant) conditions to the more southerly ecosystems in this
thesis. Even the more limited extent of seasonally (semi-)deciduous forest shown in Figure 3-2a covers a wider
range of climatic conditions than the parts of it most relevant to this research (see Figure 3-2b-e). There is also
more nuance to ecosystems’ distributions than shown (see e.g. Figure 3-6 for the Araucaria Forest-Campos
mosaic), which skews some of the relationships illustrated in Figure 3-2e.
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3.3 Araucaria Forests

Araucarias in hundreds and thousands. Wondrous sight. [... The] Most interesting
forest | have seen in my whole life. Formal, yet variable, and always impressive

John Muir, (29114, 1911b).

Figure 3-3: Araucaria Forest in Campos de Jorddo, Sdo Paulo state (Ana Taemi via Wikimedia Commons, CC-BY-

SA3.0).

Araucaria Forests (also called Mixed Ombrophilous Forest or Araucaria Moist Forest) are, with
Campos, among the most extreme formations in the Atlantic Forest, occupying the biome’s coldest
and highest-elevation niches and requiring high year-round rainfall (Figure 3-2; Higuchi et al., 2012;
Uhlmann et al., 2012; Neves et al., 2017). Araucaria Forests are generally found above oo m
elevation (Figure 3-2), though European records documented them close to sea level in the early
18 Century (Noelli, 2000b) and scattered apparently-natural patches still persist at low elevations
south of the highlands (Behling et al., 2016). At the highest elevations in their range (>1,800 m),
along the escarpment at the plateau’s eastern edge, elements of Araucaria Forests meld with high-
altitude Atlantic Rainforest taxa to form cloud forests (Falkenberg and Voltolini, 1993; Bertoncello
et al., 2011; Scheer, Mocochinski and Roderjan, 2011; Higuchi et al., 2013; Oliveira-Filho et al., 2014).
However, Araucaria Forests are generally more floristically similar to SDF — the two blend together
at intermediate elevations and can be considered different expressions of a similar seasonal forest
flora (Oliveira-Filho and Fontes, 2000; Oliveira-Filho et al., 2014).

Araucaria Forests are distinguished from other Atlantic Forest formations by their composition. The
forest’s defining feature is an emergent layer of the characteristic conifer Araucaria angustifolia
(Bertol.) Kuntze (Araucariaceae; Brazil's Araucaria tree, Parana or Brazilian pine, or pinheiro) above
a lower, angiosperm-dominated sub-canopy and understorey (Klein, 1975; Oliveira-Filho et al.,
2014; Souza, 2021). Araucaria Forest composition is heterogeneous throughout its range and varies
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with a number of factors — longitude, altitude, temperature, river basin, and distance to other forest
types (Klein, 1975; Higuchi et al., 2012; Duarte et al., 2014; Gongalves and Souza, 2014; Oliveira-
Filho et al., 2014; Sevegnani et al., 2016) — but is characterised throughout by a mixture of typical
tropical trees (e.g. Myrtaceae) and more cold-adapted relicts from the Gondwanan and Andean
floras (e.g. Araucariaceae, Podocarpaceae, Winteraceae) (Klein, 1975; Duarte et al., 2014; Oliveira-
Filho et al., 2014; Bergamin et al., 2017). The resulting phylogenetic signature is unique, and sets
Araucaria Forests apart from the Atlantic Forest’s other formations (Duarte et al., 2014). This
characteristic compositional balance is maintained by climatic conditions: low-temperature
extremes and frequent frosts limit the expansion of warmer-adapted tropical taxa, keeping the
Araucaria Forests’ more cold-adapted relictual components competitive (Oliveira-Filho et al., 2014;
Neves et al., 2017; Souza, 2021).

3.4 Campos grasslands

These fields undoubtedly constitute one of the most beautiful landscapes | have
ever travelled since | arrived in America.

Auguste de Saint-Hilaire, 1820, quoted in Nodari (2013).

Figure 3-4: Campos in Parque Nacional de Séo Joaquim, Santa Catarina state (Mathieu Bertrand Struck via Flickr,
CC-BY-NC-ND 2.0).

At the plateau’s higher elevations, Araucaria Forests form mosaics with, and eventually give way to,
natural Campos grasslands, one of the very few non-woody ecosystems in the Atlantic Forest biome

(
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Figure 3-1). Frequently misclassified as savanna or steppe, or considered together with the more
southerly lowland Pampas biome, Campos are instead floristically distinct ‘old-growth grasslands’
(Andrade et al., 2019; IBGE, 2012; Miller et al., 2012; Overbeck et al., 2007, 2015; Veldman et al.,
2015). Compositionally, Campos are dominated by grass (Poaceae) species, a significant majority of
which employ the C4 photosynthesis pathway; structurally, changes between different grass life
forms (e.g. tussock, stoloniferous, prostrate) and between grasses, forbs and shrubs are mediated
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by natural or anthropogenic fire and grazing (Overbeck et al., 2018; Andrade et al., 2019). Although
they are ancient (some Campos areas have been in place for over 40,000 years) and highly
biodiverse (about a quarter of their flora is endemic), Campos are among Brazil's most neglected
ecosystems — less studied, protected or appreciated than the forests which surround them (Behling
etal., 2004; Iganci et al., 2011; Overbeck et al., 2015; Pla et al., 2020). Despite this, however, it is
important to consider Campos and Araucaria Forests together, since the two formations are
ecologically intertwined.

3.5 The Araucaria Forest-Campos mosaic

The beauty of the landscape and the graceful forms of the surfaces essentially
consist of a single motif: the contrast between bright field and dark Araucaria
forest. [...] the field and the woods in their dynamic game of change.

Balduino Rambo, 1948, quoted in Nodari (2013).

Figure 3-5: The Araucaria Forest-Campos mosaic in Parque Nacional de Sdo Joaquim, Santa Catarina state
(Mathieu Bertrand Struck via Flickr, CC-BY-NC-ND 2.0).

The Araucaria Forest-Campos mosaic has arisen because, across much of their ranges, the two
formations are alternative ecosystem stable states (Beisner, Haydon and Cuddington, 2003; Innes,
Anand and Bauch, 2013; Henderson, Bauch and Anand, 2016): contemporary climate conditions
favour the encroachment of woody species, but this can be stymied by fire or grazing, to which
Campos species are more resilient than tree seedlings (Oliveira and Pillar, 2005; Jeske-Pieruschka et
al., 2010; Muller et al., 2012; Blanco et al., 2014; Overbeck et al., 2018; SUhs, Giehl and Peroni, 2020;
Suhs et al., 2021). In balance, the result is a landscape with riverine gallery forests and small- to
medium-sized forest patches embedded within a grassland matrix, with the two exhibiting sharp
ecotonal boundaries (Miller et al., 2012; Matte, Miller and Becker, 2015). Although both Araucaria
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Forest and Campos can reach almost complete coverage in parts of the landscape (Figure 3-6),
where the two are found together Araucaria Forests often occupy sheltered hillsides and valley
slopes or follow river banks, and Campos are generally found in more exposed areas — particularly
on plateau tops (Hueck, 1953; Matte, Miller and Becker, 2015; Robinson et al., 2018).
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Figure 3-6: The potential and remnant extent of the Araucaria Forest-Campos mosaic in Brazil. Potential natural
ecosystem limits are from IBGE (2019), and remnant natural vegetation from SOS Mata Atlantica/INPE (2020).
Ecosystems outside Brazil’s portion of the Atlantic Forest biome (Pampas, Cerrado, Argentine Araucaria Forest)
are not included.

Forest expansion takes place in the absence of disturbances or management, generally by
expansion from the edges of existing forest patches, by the gradual increase of shrub coverage in
the grassland, or by nucleation, where tree seeds are dispersed into grasslands and eventually form
new, increasingly large and structurally complex patches of woody vegetation (Duarte, Dos-Santos,
etal., 2006; Duarte, Machado, et al., 2006; Silva and Anand, 2011; Mller et al., 2012; Matte, Miller
and Becker, 2015). Nucleation often happens on rocky outcrops (which are less affected by fires)
and/or under nurse plants (e.g. isolated trees) which provide perches for seed-dispersing birds and
can ameliorate their local microenvironment (Zanini and Ganade, 2005; Duarte, Dos-Santos, et al.,
2006; MUller et al., 2012; Korndorfer, Dillenburg and Duarte, 2015; Matte, Miller and Becker, 2015;
SUhs, Hettwer Giehl and Peroni, 2018).

When these processes of forest expansion are largely offset by fire and/or grazing, the mosaic
remains stable and Araucaria Forest patches grow extremely slowly — perhaps as little as 100 min
4,000 years (Silva and Anand, 2011). However, when these disturbances are excluded, woody
vegetation can encroach onto Campos very rapidly. The first decade without fire or grazing can see
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exponential increases in woody vegetation cover and modelling suggests that shrubs could
completely overtake grassland within 30 years (SUhs, Giehl and Peroni, 2020) — though a 25-year
observational study of unmanaged Campos recorded greater stability than this (Oliveira and Pillar,
2005).

3.6 Araucariatrees

There were but few other trees that grew to any size besides the pine [Araucaria]
itself. Many of these latter were of gigantic dimensions, [...] rising perfectly straight
and branchless to within a few feet of their summits, when they spread out into a
broad flat head, about 35 or 40 feet in diameter. Seen from a distance the general
effect was very curious, the trees looking like a forest of enormous toad stools. They
were the lords of the soil in this part.

Thomas Bigg-Wither, 1878, quoted in Nodari (2013).

Figure 3-7: Araucaria tree in Campos de Jorddo, Sdo Paulo state (Adrian Michael via Wikimedia Commons, CC-BY-

SA3.0)

Brazil’s iconic Araucaria trees (A. angustifolia) characterise the mosaic landscape on southern
Brazil's highlands. They are the definitive unifying feature of the variable Araucaria Forests
(Oliveira-Filho et al., 2014), and their biological characteristics (adults’ thick bark, largely branchless
trunks and high crowns) suggest they may have been part of fire-prone Campos grasslands for
many millennia (Overbeck et al., 2018). They have significant, multifaceted importance in ecological
dynamics, evolutionary history, and human societies.

Araucaria trees play an important role in mediating the interplay between Araucaria Forest and
Campos. They are excellent nurse plants — perhaps the best in the mosaic — and facilitate the
colonisation of a disproportionate abundance of woody seedlings in their vicinity (Duarte, Dos-
Santos, et al., 2006). In part this is because isolated Araucaria trees provide perching spaces for
seed-dispersing birds, which leads to elevated seed rain under their crowns, but the trees also
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significantly reduce vapour pressure deficit and summer air temperatures, increase air circulation,
and improve soil fertility (Duarte, Dos-Santos, et al., 2006; Korndorfer, Dillenburg and Duarte, 2015;
Souza, 2021). Notably, young Araucaria trees themselves appear to benefit less from these effects
than do other taxa: Araucaria saplings occur far more often in open areas than under crowns of
conspecific adults, though fire and grazing prevent most from growing to maturity (Suhs, Hettwer
Giehl and Peroni, 2018; Suhs et al., 2021). Although they can survive and grow in shaded conditions,
Araucaria trees regenerate best in sites with greater light availability following disturbances of the
dense angiosperm sub-canopy (Duarte, Dillenburg and Rosa, 2002; Souza et al., 2008; Orellana and
Vanclay, 2018; Souza, 2021; SUhs et al., 2021). Even without regeneration, though, established
Araucaria populations can remain in place for centuries (large mature trees are probably 300-600
years old at 1.5m trunk diameter), with a handful of giant living individuals demonstrating that the
species can reach girths of 2-3 m and heights above 40 m (Paludo et al., 2016; Orellana and Vanclay,
2018; Scipioni et al., 2019).

As well as structuring the plant communities of southern Brazil’s highlands and helping dictate their
dynamics, Araucaria trees are vitally important to the region’s fauna. The principal reason is their
seeds, called pinhdo, which are consumed by 70 species of mammals and birds (Dénes et al., 2018;
Tella et al., 2019; Bogoni, Batista, et al., 2020). These animals act as important secondary dispersal
agents for the predominantly barochoric seeds; while scatter-hoarding rodents and other mammals
move seeds moderate distances (91% of Araucaria seeds disperse under 250 m), birds facilitate
dispersal over the larger distances important for nucleation into Campos (Sant’/Anna et al., 2013;
Streit, Carlucci and Bergamin, 2014; Tella et al., 2019). Female Araucaria cones can each produce
several dozen large (5-7 g) and nutritious pinhdo, resulting in an abundant (10s to 100s of kg/ha)
seed resource (Souza et al., 2010; Bogoni, Batista, et al., 2020; Bogoni, Muniz-Tagliari, et al., 2020;
Souza, 2021). Importantly, pinhdo are produced consistently through time, including during periods
where other resources are relatively scarce — although variation does occur within and between
years, influencing animal populations, its magnitude is relatively slight, and different Araucaria
varieties fruit throughout the year (Souza et al., 2010; Corteletti et al., 2015; Adan et al., 2016;
Bogoni, Batista, et al., 2020; Bogoni, Muniz-Tagliari, et al., 2020; Souza, 2021). Pinhdo are such a
reliable, irreplaceable and high-quality food source for so wide a range of southern Brazil's
vertebrates that they can be considered a keystone plant resource, with disproportionate
importance for animal communities (Bogoni, Muniz-Tagliari, et al., 2020).
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Figure 3-8: Pinhdo and Araucaria seed cones, Rio Grande do Sul (public domain image)

The ecological importance of Araucaria trees has an exceptionally long history. The Araucariaceae
family first emerged in the Jurassic or Triassic (Kershaw and Wagstaff, 2001; Kunzmann, 2007; Panti
etal., 2012; Setoguchi et al., 2013; Forest et al., 2018); its species’ foliage was probably among the
most important food sources for large sauropod dinosaurs (Hummel et al., 2008), whose rise
coincided with the evolution of large Araucariaceae seed cones — possibly as protection against seed
predation or to exploit these newly available megafaunal seed dispersers (Leslie, 2011; Souza,
2021). Araucariaceae trees were some of the most floristically important constituents of the archaic,
dinosaur-structured tropical forests that flourished in South America before the end-Cretaceous
mass extinction event (Carvalho et al., 2021). This cataclysm caused the extinction of three quarters
of all species on Earth (including all the non-bird dinosaurs), the reduction by 45% of observed
Neotropical plant diversity (which, after 6 million years of recovery, reconstituted as modern
tropical forests), and the beginning of the decline of Araucariaceae globally (Kunzmann, 2007;
Carvalho et al., 2021). With its long evolutionary history and close connection to taxa and
environments from deep in geological time, therefore, A. angustifolia can be justifiably considered a
‘living fossil’ (Bennett, Sutton and Turvey, 2018) ¢ — it is one of the most evolutionarily distinct
gymnosperm, and therefore seed plant, species in the world (Forest et al., 2018).

Its uniqueness and utility have long conferred iconic status upon Brazil's Araucaria tree. As with
their ecological role, Araucaria trees’ cultural importance has extremely deep roots — they have
probably been important to people for as long as their surroundings have been inhabited (Noelli,
20004a). The highest level in Kaingang shamanic territory — the domain of glory, where God lives —is

6 As discussed by Bennett et al. (2018), ‘living fossil’ is a somewhat contentious label — even Charles Darwin,
who coined it, called it ‘fanciful’. (Among more technical objections, if traced back far enough the
evolutionary history of all extant taxa spans the same 4.3-billion-year period.) The term is generally used to
imply that a taxon has a long evolutionary history with apparently slow/limited changes, and can provide
insights into much more ancient, potentially extinct, life forms (Bennett, Sutton and Turvey, 2018). Although
Bennett et al. (2018) did not quantify the ‘living fossil-ness’ of the Araucariaceae specifically, this label is
warranted for A. angustifolia: on the authors’ metric, gymnosperms as a whole rank in the top 2-3% of studied
seed plant taxa, and A. angustifolia is the 16" most evolutionarily distinct extant gymnosperm species (Forest
etal., 2018).
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characterised and named after Araucaria trees (Réus Gongalves Da Rosa, 2005); living Kaingang
might reach it by climbing Araucaria trees (Réus Goncalves Da Rosa, 2005). Araucaria trees “could
be considered the ritual object par excellence” in Kaingang tradition (Fernandes and Piovezana,
2015, p. 120), having a central role in the Kiki/Kikikoi funerary ritual — itself “the centre of Kaingang
religious life” (Fernandes and Piovezana, 2015, p. 117): an Araucaria trunk forms the trough (konkéi)
for the crucial kiki drink, Araucaria knots are essential for keeping alight the ritual bonfires, and their
ashes are used to paint the faces of individuals from the Kamé moiety (Fernandes and Piovezana,
2015). Traditionally, the Xokleng definition of a year was “one period of no pine nuts [pinhdo]”
(Henry, 1964, p. 68); Araucaria trees structured Xokleng territories and fruiting drove their seasonal
movements on pinhao-collecting expeditions (Moura, 2021). Prior to ‘pacification’’, pinhdo formed
a crucial part of Indigenous peoples’ diets, and were apparently traded from the highlands to the
coast, hundreds of kilometres away (Wesolowski et al., 2010; Corteletti et al., 2015; Scheel-Ybert
and Boyadjian, 2020).
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Figure 3-9: In 2018, a Kaingang and Guarani community action planted 4,000 Araucaria seedlings on re-occupied
Indigenous land whose official demarcation had been stalled for 14 years, to protest government inaction, restore
the landscape, and symbolically mark their claim to the land (Conselho Indigenista Missiondrio/Kaingang

Community)

In contemporary non-Indigenous society, Araucaria trees continue to be highly valued. Araucaria
trees are the most used native plant species in Parana and Santa Catarina states, primarily for food,
and pinhao collectors recognise several sub-specific varieties (Adan et al., 2016; Servico Florestal
Brasileiro, 2018a, 2018b; Quinteiro, Alexandre and Magalhaes, 2019). Annual pinhdo extraction in
Brazil averaged 4,782 tonnes between 1986 and 2010, rising to 9,031 tonnes per year in 2011-2020
(IBGE, 1986-2021). In parts of the highlands, pinhdo harvesting is connected to traditionally
managed landscapes, which, though variable, generally involve extensive livestock grazing under
Araucaria Forest canopies (Mello and Peroni, 2015; dos Reis et al., 2018; Zechini et al., 2018).

7*Pacification’ is a misleading term. Southern Brazil's non-Indigenous society secured for itself peace from
aggressive Indigenous resistance to their presence by inflicting violence — mass murder, abduction,
devastating disease epidemics, and the coercive removal of Indigenous groups from their traditional
territories (Urban, 1985; Hoffmann, 2011; Fernandes and Piovezana, 2015; Fernandes and Goes, 2018).
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Notably, however, while Araucaria trees define these landscapes and the pinhao they produce are
appreciated, these areas’ principal commercial value is derived from cattle rearing and erva-mate
(Ilex paraguariensis leaves) for chimarrao tea, whose production is ten times more valuable than
pinhdo (Mello and Peroni, 2015; dos Reis et al., 2018). Instead, for most of the last two centuries, the
most valuable commercial exploitation of Araucaria trees has been for timber and other wood
products —and this, more than almost any other factor, has defined the highlands’ recent history.

3.7 The highlands’ colonial history

Frighteningly, the Araucaria forests are being reduced. Loggers throw themselves
on them from all sides. The environment is transformed, the living conditions for
the pine tree disappear. "ARAUCARILANDIA” is losing its last children. [...] Within a
few decades, perhaps, only the memory of these forests will remain.

Frederico Hoehne (1930).

Figure 3-10: Klabin paper and cellulose mill, Telémaco Borba, Parand, 1946 (public domain image)

The intense, direct impacts of European colonisation were felt considerably later in southern Brazil's
highlands than in many other parts of South America. During the late 17" and early 18" Centuries,
drovers grazed cattle in Campos areas and travelled between Sao Paulo and the Jesuit missions
south-west of the highlands, but military expeditions in Parana in the 1770s encountered and noted
widespread evidence of Indigenous occupation in landscapes that they nevertheless characterised
as ‘abandoned’ or ‘empty’ (Fortkamp, 2009; de Carvalho, 2010; Fernandes and Godes, 2018; Moura,
2021) 8. In the government’s eyes, Santa Catarina’s plateau region was officially unpopulated until
the settlement of Lages was founded in 1766, and still had fewer than 2,500 inhabitants by 1833
(Peres, 2009). By 1852, there were no Indigenous settlements around Lages —the area’s Kaingang

8 As well as witnessing frequent fires (many possibly funerary) and smoke, soldiers regularly encountered
large settlements, some of which housed over four hundred people, saw fields planted with corn, and
travelled along already-established routes between villages (Mota, 2008; Moura, 2021).
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communities had withdrawn to the forests as a result of settlers “hunting them like animals, with
the aim of catching them and captivating their children”, according to the Lages police chief,
though their numbers were still thought to be “considerable, for traces of them appear[ed]
everywhere” (Peres, 2009, pp. 124, 126). Even as late as 1872, the European population in southern
Brazil's Araucaria region was only about 182,000 people, fewer than 13,000 of whom lived in Santa
Catarina (de Carvalho, 2010). This point, however, marked the onset of increasingly intense and
unsustainable land use change on the highlands (Peres, 2009; de Carvalho and Nodari, 2010).

One of the principal drivers of the habitat conversion which followed was an influx of European
migrants, predominantly from Germany and Italy, sparking more extensive agriculture and forest
clearance (de Carvalho and Nodari, 2010; Nodari, 2016). Until about 1910, most Araucaria felling
was small-scale and for primarily local uses, and the forests were considered to be practically
infinite (de Carvalho and Nodari, 2010; Nodari, 2016). In the late 19" and early 20" Centuries, the
Brazilian government began concerted efforts to concentrate Indigenous people in designated
territories, with the effect that — exacerbated by attacks on 9, and disease outbreaks among *°,
unconfined groups — more land became more readily available for colonisation (Peres, 2009;
Fernandes and Piovezana, 2015; Fernandes and Godes, 2018).

After about 1910, a range of connected factors conspired to drastically increase the pressure on
Araucaria forests. Railway lines linking Rio Grande do Sul and Sao Paulo opened up for exploitation
previously inaccessible forests, facilitated the wider trade of their timber, and encouraged further
European migration and population growth; the First World War also restricted Brazil's ability to
import timber from abroad and focused attention on the country’s own forest resources (de
Carvalho, 2010; de Carvalho and Nodari, 2010). The Araucaria Forests no longer seemed infinite —
Frederico Hoehne, travelling through in 1930, described the ‘frightening’ pace of destruction he
witnessed and predicted an impoverished future for the highlands’ natural landscape (Hoehne,
1930; quoted above). Yet within a decade the situation would become even worse.

From 1940, still greater population and economic growth in Brazil — and demand for resources to
rebuild Europe following the Second World War —fuelled further increases in Araucaria timber
extraction, supported by technological advances (de Carvalho and Nodari, 2010). In the 1950s,
Kaingang lands held some of the last intact Araucaria Forests, but even these became extensively
exploited in the following decade or two (Fernandes and Piovezana, 2015). Mounting official
concern about the forests’ future led to increasing efforts to monitor, regulate and mitigate their

9 Zoologist Hermann von lhering, director of the Sdo Paulo state museum, wrote, in 1906, “The present
Indians of S. Paulo do not represent an element of labour and progress. As in the other parts of Brazil no
serious and continuous labour can be expected of the civilized Indians and as the savage Caingangs are
obstructing the colonisation of the forest regions inhabited by them, no other final result seems possible than
that of their extermination.” (Ihering, 1906, p. 42).

*° Wanpo Paya was probably 16 or 17 in 1915, when efforts were underway to ‘pacify’ Xokleng groups like his:
"It was at this point that the Indians began to get sick. First Zeca died. Everyone began to get grippe. They
decided to divide up because of the sickness. This was the first time disease had come and many died. [...]
Nobody in our group was really sick, except for Mogia, my [other] father, who later died. Zagpope, son of
Gakr3, died, Nil Paci, Wanégld, and Wanpd (another son of Gakra) died. Ugld (Gakra's wife), Wanéki, and
Zeca died. Zagco, Yacag, another Zagced, and Yagnan Agré all died. Mdgia, my father, died too. Catag,
Wailuf, and Mu all died. Way died too. And Kaga, Warkukld, Kowi, Kagnan, and Pankle died. The wife of
Mokona died, and then Mokona died. Zefikug died as well. And this was only among the adults. Many, many
more children died.” (Urban, 1985, p. 230). The horrific toll of these outbreaks fractured the groups’ ritual
practices: “At this point, no one was holding the [period of] seclusion [for the spouse of the deceased],
because the spouse, in general, was sick as well, and we were afraid to leave her in seclusion, for fear she
would die.” (Urban, 1985, p. 230).
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exploitation, but from the mid-1960s a pivot to exotic Pinus plantations and drastic declines in
Araucaria exploitation marked “the end of the Araucaria era for the logging industry” (de Carvalho
and Nodari, 2010, p. 723). Wood products from A. angustifolia are still traded in greater volumes
than almost any other Brazilian species, but Araucaria Forests are now an Endangered ecosystem,
at very high risk of collapse, and experiencing some of the Atlantic Forest’s worst trends for forest
cover loss and increasing isolation (Ferrer-Paris et al., 2019; Brandes et al., 2020; Rosa et al., 2021)
A. angustifolia itself is Critically Endangered — one of the most evolutionarily distinct and globally
endangered tree species on the planet (Thomas, 2013; Forest et al., 2018).

Quantifying the losses from Araucaria’s century of destruction is difficult. Surveys of southern Brazil
in 1949/50 found the region’s Araucaria ‘resource’ was 298 million trees (Nodari, 2016), untold
millions of which were felled in the following three decades, which saw Brazil export at least 24.3
million m3 of sawn conifer (overwhelmingly Araucaria) timber (Figure 3-11; de Carvalho and Nodari,
2010).** Of *original’ Araucaria Forest areas which survived the 20" Century minimally impacted, as
little as 1-4% remain (see de Carvalho, 2010; de Carvalho and Nodari, 2010, and citations therein).
Most studies using satellite imagery have produced higher estimates of natural vegetation cover
than this (Figure 3-12), though Araucaria Forests have been the focus of surprisingly few such forest
cover estimates. Synthesising data from various sources (de Carvalho, 2010; de Carvalho and
Nodari, 2010; IBGE - Instituto Brasileiro de Geografia e Estatistica, 2018; Funda¢ao SOS Mata
Atlantica and Instituto Nacional de Pesquisas Espaciais, 2020; Souza et al., 2020) natural forests of
various quality cover around 19-36% of the Araucaria Forest region, but high-quality areas cover no
more than about 5%, and exceedingly few patches —if any at all — have survived relatively
unscathed from the 19" Century (Figure 3-12).

Araucaria exploitation for timber and wood, 1911-2020
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Figure 3-11: Data on the exploitation of Araucaria trees for timber and wood, 1911-2020. Data from de Carvalho &
Nodari (2010; sawn timber production and exports 1911-1981) and IBGE (1987-2021; Araucaria trees and logs

* Estimates using the data in Figure 3-11 could plausibly cover an order of magnitude. If each Araucaria tree
produced an average of 1.5 m3 of sawn timber (between 1986-2020 a felled Araucaria tree produced 1.96 m3
of log wood on average), 1950-1981's potential 72.9 million m3 sawn conifer timber production (24.3 million
m3 exports x 3 to scale up to production) would equate to 48.6 million trees (16.3% of the 1949/50 population).
If 1.5-2 million Araucaria trees were felled in 1981 (extrapolating the 1986-2020 trends) when sawn conifer
timber exports were ca. 200,000 m3, then scaling up to cover the timber extracted after 1950 would equate to
182-243 million trees (61.1%-81.5% of the 1949/50 population).
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1986-2020). Much of the more historic data is patchy, especially for timber production; export data will be
incomplete; and from the 1970s conifer timber includes increasing contributions from Pinus plantations (for more
caveats, see de Carvalho and Nodari, 2010).

Many of the same 20™-Century trends which conspired to decimate southern Brazil’s Araucaria
Forests also played roles in the reduction of Campos. Increasing, and increasingly prosperous,
settler populations required expanding agricultural and grazing production; the World Wars opened
opportunities for Brazilian producers to enter valuable markets for timber and crops that had
previously been dominated by Europe; and technological innovations helped southern Brazil’s
produce reach those markets (Overbeck et al., 2007; Rossi and Nodari, 2012). Importantly, too, the
economic demise of Araucaria logging left landholders in need of new ways of ways to earn money
—with stocks of Araucaria trees and other valuable timber species depleted, working with or
maintaining native forest ceased to be financially worthwhile, so many pivoted to extensive crop
monocultures (e.g. soya) or used government incentives to afforest grasslands with exotic tree
(Pinus, Eucalyptus) plantations (Overbeck et al., 2007; Rossi and Nodari, 2012; Nodari, 2016). The
large and comparatively recent land use changes in Campos are reflected in Figure 3-12 — between
1985 and 2018, grassland areas declined far faster than Araucaria Forest (Souza et al., 2020). In the
33 years covered by these MapBiomas data, 34% of natural grassland in Campos areas —as well as
60% of ecotonal areas’ natural grassland —was lost.

Land cover in the Araucaria Forest-Campos mosaic
Internal bars (L to R): MapBiomas 1985 and 2018, SOSMA 2019, MRNB
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Figure 3-12: Potential and actual natural vegetation coverage in southern Brazil’s highlands. MapBiomas
(collection 4.1; Souza et al., 2020; 1985 at far left, 2018 at second left) includes more human-altered forest areas
than SOS Mata Atlantica/INPE (2020; right of centre); this in turn combines vegetation of different successional
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stages/maturity, which are somewhat separated out in Mapeamento de Recurso Naturais do Brasil (IBGE -
Instituto Brasileiro de Geografia e Estatistica, 2018; far right).

Reductions in natural vegetation cover represent only part of the harm caused to the Araucaria
Forest-Campos mosaic in the last 150 years, however: they suffer diminished structural diversity
and homogenised species composition, large trees have been disproportionately removed, and the
forest’s considerable carbon storage capacity is significantly eroded (Souza, 2007; Scipioni et al.,
2019; Sevegnani et al., 2019; de Lima, Oliveira, et al., 2020; Oliveira and Vibrans, 2020). Non-
logging disturbances, which include overgrazing and trampling from cattle, excessive fire use, and
mowing of the forest understorey, all suppress regeneration (Oliveira and Vibrans, 2020; Souza,
2021). This problem is particularly acute for Araucaria trees: because mature trees are legally
protected and therefore difficult to fell within the law, many landowners kill Araucaria seedlings to
avoid restrictions on how they use their land (Vibrans et al., 2011; Mello and Peroni, 2015; Adan et
al., 2016). Overgrazing and excessive fire use, along with exotic species invasions, are also
impacting Campos vegetation: in Rio Grande do Sul, 45-69% of natural highland grasslands have
been converted to other land uses, and an additional 5-8% are degraded, with impacts on plant
species composition, soil properties, and ecosystem functioning (Andrade et al., 2015). The
management balance is precarious, though, because, conversely, the exclusion of grazing and fire
also leads to grassland degradation and loss to woody encroachment (Overbeck et al., 2007, 2015;
Andrade et al., 2015, 2016; de Oliveira Portes, Safford and Behling, 2018; Suhs, Giehl and Peroni,
2020).

The negative effects of human disturbance and degradation on Araucaria Forests and Campos are
predominantly combatted through the use of legally protected areas, though these cover a
proportionally smaller area of the mosaic (0.65%) than any other major ecosystem in the Atlantic
Forest biome (Ribeiro et al., 2009; Tagliari, Levis, et al., 2021). Strictly protected areas effectively
conserve Araucaria Forest cover, biodiversity and biomass, and shelter forest remnants which are
closer to their fully natural state than unprotected ones (de Lima, Oliveira, et al., 2020; Oliveira and
Vibrans, 2020; Tagliari, Levis, et al., 2021). However, they can often be detrimental to Campos
conservation, since their management — formulated with forests as the focus — generally excludes
the anthropogenic fire and grazing the grasslands require (Overbeck et al., 2007, 2015; Andrade et
al., 2015, 2016; de Oliveira Portes, Safford and Behling, 2018; SGhs, Giehl and Peroni, 2020). An
alternative paradigm to such top-down conservation measures views the ecosystems as socio-
ecological systems with human populations integrated within them (Overbeck et al., 2015; Tagliari,
Levis, et al., 2021). Such collaborative management, and the positive feedbacks it could engender,
might increase the resilience of Araucaria Forests to future disturbances and improve the
management of Campos grasslands (Overbeck et al., 2015; Tagliari, Levis, et al., 2021). There is
evidence that traditionally managed Campos and Araucaria Forest landscapes can conserve
Araucaria genetic diversity about as effectively as legally protected areas, and they also provide
economic incentives for maintaining natural vegetation cover, so increasing the integration of
people into conservation measures for these ecosystems could have merit (Medina-Macedo et al.,
2016; dos Reis et al., 2018; Zechini et al., 2018).

People also have a critical role in conserving the Araucaria Forest-Campos mosaic itself — even over
and above its component ecosystems — because the mosaic results from a management-mediated
equilibrium between forest and grassland. Its continuation into the future, therefore, is vulnerable
to changes in human management and the feedbacks which can result (Beisner, Haydon and
Cuddington, 2003; Blanco et al., 2014; Henderson, Bauch and Anand, 2016). Strong human
influence makes it more difficult for the two ecosystems to co-exist, and people’s perceptions of the
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value of Araucaria Forest, Campos, and the anthropogenic land cover types which replace them,
have significant impacts on the mosaic’s stability and expression (forest, grassland, mixed,
transformed) (Innes, Anand and Bauch, 2013; Henderson et al., 2016). Retaining the contemporary
and historically known Araucaria Forest-Campos mosaic into the future is very far from guaranteed
(Henderson, Bauch and Anand, 2016).

Figure 3-13: Araucaria tree in cultivated field, Ponta Grossa, Parana (Luiz VMaffei via Wikimedia Commoné; CC-BY-
SA 4.0)

3.8 Looking to the future

The ecosystems of the southern Atlantic Forest have suffered significantly in recent history, but the
future — at almost all timescales — seems unlikely to offer any significant relief. A major imminent
and mounting threat is anthropogenic climate change, which has been driven by many of the same
short-sighted and unsustainably exploitative processes which catalysed the destruction of the
Araucaria Forest-Campos mosaic. The magnitude and pace of these climate changes exceed
anything that has happened since millions of years before Homo sapiens evolved and there is a good
chance their effects will continue to be felt for millennia to come (Tierney et al., 2020).

Brazil's climate has warmed significantly even since the late 20™ Century as a result of
anthropogenic greenhouse gas emissions, with southern Brazil experiencing temperature rises of
about 0.25°C per decade and seasonally variable disruptions to previously stable rainfall regimes (de
Barros Soares et al., 2017). These changes are predicted to continue —and even accelerate —in the
decades to come, across a range of emissions scenarios (Chou et al., 2014). A worst-case emissions
scenario would see large-scale reassortment of southern Brazil's climate types by the end of the 21°
Century, including the near-total transformation or loss of the temperate, relatively cool and
constantly moist conditions to which southern Brazil's highland species and ecosystems are
adapted (Figure 3-14; Beck et al., 2018).
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Figure 3-14: Képpen-Geiger climate types in southern and south-eastern Brazil in the present day and late 21°
Century, under a pessimistic climate change scenario (RCP8.5). Data from Beck et al. (2018).

Logically, these changes are likely to have major effects on Araucaria trees and the ecosystems they
form. But perhaps surprisingly, given that climate change is one of the most significant challenges
facing the biosphere, that well-established tools and data exist to explore its impacts, and that
Araucaria trees are an iconic, culturally valuable and obviously vulnerable species, the impacts of
climate change on A. angustifolia had barely been examined when | started my PhD. Only two
studies had then been published —one (Wrege et al., 2009) was very brief (only three pages of text)
and not peer-reviewed **, and the other (Wrege et al., 2016) was published in a potentially predatory
journal 3. Both studies used now-outdated ecological niche model (ENM) techniques and, among
other quality issues (especially for Wrege et al., 2016), lacked important information that would
have allowed their approach and results to be properly evaluated. An additional, significantly
better, study had been conducted, but was then unpublished (Bergamin, 2017 - unpublished PhD
thesis; Bergamin et al., 2019 - published paper).

However, despite representing a marked improvement over the previous work in this area, the
latter study did not consider the potential intersection of future climate changes and historical
habitat loss, nor the potential mitigating effects of small-scale topographic features on broader-

2 Unasylva’s guide to authors makes no mention of any peer review processes, and submissions appear to
require invitation: https://www.fao.org/forestry/unasylva/8579/en/.

3 Horizon Research Publishing (http://www.hrpub.org/) features in Beall’s list of potential predatory journals
and publishers (https://beallslist.net/); Environment and Ecology Research is not indexed in the Directory of
Open Access Journals (https://bit.ly/317Yh6d) and was only indexed by Scopus in 2020
(https://www.scopus.com/sourceid/21101037318).
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scale climate trends. As discussed above, land use change is among the most important factors
dictating Araucaria’s contemporary distribution — spatially non-random (Figure 3-6) and a clear real-
world constraint on the species’ ability to respond as predicted to climate changes, its inclusion
should add significant value to such modelling studies. Similarly, fine-scale topography is an
important factor to consider, both because it is widely acknowledged that species do not actually
experience climatic conditions at the relatively coarse scales represented in gridded climate data
(Ackerly et al., 2010; Ashcroft, 2010; Dobrowski, 2011; Keppel et al., 2012; Hannah et al., 2014;
Lenoir, Hattab and Pierre, 2017; see Section 1 above), and because Araucaria trees also appear to
preferentially occur in certain, generally more sheltered, microenvironments in parts of their range
(Hueck, 1953; Robinson et al., 2018). Neither land use change nor potentially microrefugial
topography are commonly included in studies forecasting the ecological impacts of climate change.

This was the context for the research in Chapter 1 (Wilson et al., 2019), which became the first
published, peer-reviewed study to examine the effects of 21**-Century climate changes on A.
angustifolia, while also evaluating the exacerbating and mitigating effects of historic land use
change and fine-scale topography. Several other studies have since been published on this general
question (Bergamin et al., 2019; Castro et al., 2020; Marchioro, Santos and Siminski, 2020;
Trindade, Santos and Artoni, 2020; Saraiva et al., 2021; Tagliari, Vieilledent, et al., 2021; Lima et al,,
2022), corroborating our broad-scale findings and, in some cases, also acknowledging the
importance of past habitat loss in the context of a changing climate (Marchioro, Santos and
Siminski, 2020; Tagliari, Vieilledent, et al., 2021). To my knowledge, though, ours remains the only
study to have examined the potential effects of microrefugia on Araucaria trees or any component
of the Atlantic Forest.

In general, how the Atlantic Forest’s flora is likely to be affected by climate change has been
relatively little investigated, with few studies available early in my PhD —though research on these
questions is continuing (Colombo and Joly, 2010; Zwiener et al., 2018; Bergamin et al., 2019; Esser,
Neves and Jarenkow, 2019; Trindade, Santos and Artoni, 2020; Gasper et al., 2021; Ledo et al,,
2021). An early study (Colombo and Joly, 2010) found ‘alarming’ reductions and southward shifts in
species’ potential occurrences, but southern Brazil’s ecosystems (especially those on the highlands)
were omitted. Additionally, the climate data used (particularly future projections) were extremely
coarse and, although the study examined individual species, the different communities they form
and their potential reassortment was not considered. Bergamin et al. (2019) did study the responses
of several Araucaria Forest taxa, but considered them together and did not evaluate how their
changing ranges may interact with each other or with those of species from other Atlantic Forest
ecosystems. Zweiner et al. (2018) modelled species from across the biome, but considered
compositional change in the abstract, dealing primarily with questions of alpha and beta diversity
rather than ecosystems' floristic identity. Esser et al. (2019), by contrast, did examine how future
climate change might affect the gradients of floristic composition along which the Atlantic Forest's
different ecosystems are arrayed. Surprisingly, they found that high elevation/latitude forest (their
category encompassing Araucaria Forest, Campos and Pampas) was the ecosystem least affected
by predictions of future climate change, barely changing between timepoints or emissions scenarios
—a finding which ran contrary to the authors’ own expectations as well as those from other data
(e.g. Figure 3-14), and which is not clearly explained in the paper. It could feasibly be because
increasing rainfall in the future offsets rising temperatures, or it might have been a processing
artefact (L. F. Esser, pers. comm.).

The effects of future climate change on the composition of southern Brazil’s ecosystems remained
an open question, therefore, when | undertook the research in Chapter 3 (Wilson et al., 2021). As
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noted by Esser et al. (2019) and discussed above, the floristic gradients within and between the
southern Atlantic Forest’s vegetation are important but complex, and are likely to become more so
in the future. Understanding how and where they are likely to change, and whether they are likely
to generate new plant communities, is a crucial prerequisite for their conservation in the future. But
understanding how these future changes sit in a long-term context is also valuable (Bergamin et al.,
2019; Trindade, Santos and Artoni, 2020) — after all, episodes in their past might provide helpful
insights into their potential futures.

4 Plants and people in southern Brazil's past

This section provides a longer temporal context for the (relatively) recent histories, present and
potential futures of southern Brazil’s ecosystems discussed above. Considering events primarily from
the late Pleistocene (earlier data are extremely sparse), what follows is divided broadly into three
sections: palaeoclimates (introducing the region’s main climatic features and our understanding of their
variation over past millennia), palaeoecology (how the distributions and compositions of southern
Brazil’s contemporary ecosystems have developed through time), and archaeology (focusing on
characteristics and developments in the southern Jé cultures, and their potential involvement with the
region’s vegetation history). Inevitably, however, these sections overlap — to effectively understand
southern Brazil’s natural history (with emphasis on the ‘history’), all three are essential.

4.1 Climates and palaeoclimates

Most of southern Brazil currently experiences humid subtropical climates without dry seasons, with
the principal distinctions across space coming from maxima and minima of summer and winter
temperatures, respectively (Alvares et al., 2013; Beck et al., 2018). Genuinely tropical conditions are
generally rare in my study area (Figure 3-14). Temperatures are predominantly linked to latitude
and elevation (Figure 3-2), but the region’s rainfall patterns are more complex, depending on a
number of interacting climatic features which affect much of South America (Garreaud et al., 2009;
Prado et al., 2013; Smith and Mayle, 2017). Two key features are the Inter-Tropical Convergence
Zone (ITCZ) and the South Atlantic Convergence Zone (SACZ; Figure 4-1). The ITCZ is an east-west
oriented band of high rainfall and minimum pressure where trade winds converge over the tropical
oceans (Garreaud et al., 2009). The SACZ, which lies further south, is South America’s main
convective system —a diagonally (north-west to south-east) oriented region of year-round rainfall
that extends from southern and south-eastern Brazil into the South Atlantic (Garreaud et al., 2009;
Prado etal., 2013).

Seasonal variations in the ITCZ and SACZ combine to drive the rainfall of much of Brazil. During
austral summer (December, January and February), solar heating of the Amazon basin increases its
temperature and leads to the development of an area of low pressure. At the southernmost point in
its seasonal migration the ITCZ feeds moisture into the system and strong, low-level winds turned
southward by the Andes form the South American low level jet (SALLJ) carry it south from the
Amazon to the intensified SACZ (Cruz et al., 2005; Garreaud et al., 2009; Prado et al., 2013; Flantua
et al., 2015). This greater summertime rainfall over continental South America is known as the
South American Summer Monsoon (SASM), and is the principal source of precipitation for southern
Brazil during late spring and summer. At other times of the year, when the ITCZ is further north, the
SACZ less intense and the SASM absent or still developing, southern Brazil receives rainfall from
moisture blown in with storms from the southern Atlantic and overland incursions of polar air (Cruz
etal., 2005; Wang et al., 2006; Ledru, Mourguiart and Riccomini, 2009; Gu et al., 2017). Unlike other
parts of Brazil, the SASM therefore contributes only around 60% of annual precipitation to most of
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the southern region, hence there are not distinct, observable wet and dry seasons (Cruz et al., 2005,
2007; Wang et al., 2006).
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Figure 4-1: Observed long-term mean precipitation (mm/day, 1998-2014), 850 mb wind speed and wind direction
(1979-2010) for (a) June, July, and August (JJA, austral winter), and (b) December, January, and February (DJF,
austral summer). Labels indicate key climate features: Intertropical Convergence Zone, ITCZ; South American
Low Level Jet, SALLJ; Chaco Low, CL; South Atlantic Convergence Zone, SACZ; South Atlantic Subtropical High,
SASH; and Nordeste Low, NL. Figure and caption adapted from Smith & Mayle (2017).

The first reconstructions of southern Brazil's past climates depended on inferences from fossil
pollen assemblages (Behling, 1993, 1995, 1998). Araucaria pollen might suggest that conditions
were cool and constantly moist, for example, and increases in forest pollen might indicate
increasing temperatures and/or precipitation (Behling, 1995; Behling et al., 2004). On this basis,
Behling et al. (2004), finding Campos-dominated and near-treeless pollen assemblages at the Last
Glacial Maximum (LGM, approximately 21,000 years ago), interpreted southern Brazil's climate at
the time to have been seasonal, with long annual dry periods, mean annual temperatures 5-7°C
colder than at present, and minimum winter temperatures below -10°C. Similarly, the early and
mid-Holocene was considered to have been warm and dry, owing to the continued rarity of
Araucaria Forest taxa and frequent and abundant spores from Phaeoceros laevis, a moss apparently
indicating soil dryness and low vegetation cover (Behling et al., 2004) — though Leonhardt and
Lorscheitter (2010) instead suggested the authors’ palynological assemblages were characteristic of
warmer and more humid conditions.

Synthesising pollen records to infer climatic conditions — especially at scale — is challenging. This is
not just related to differences in opinion about how individual taxa should be interpreted, or to the
difficulties of integrating and generalising heterogeneous signals. Rather, using pollen data to
construe climatic conditions rests on an imperfect central assumption: that past plant communities
were structured and changed largely or solely by climate, in approximately the same ways as in the
present. In reality, however, non-climatic factors can be extremely important for community
assembly, and the present becomes an ever more imperfect guide to the past the further back we
look (Williams and Jackson, 2007; Jackson and Blois, 2015). Crucially, inferring climate from
vegetation records introduces a logical circularity to the interpretation: ‘the pollen did x because the
climate did y, and the evidence the climate did y is that the pollen did x.” This circular reasoning a
priori excludes other potential explanations for observed vegetation change, such as grazing, low
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atmospheric CO,, or human land management, unless they are specifically targeted by other
proxies.

Southern Brazil is fortunate that excellent vegetation-independent palaeoclimate reconstructions
are available from within the region, allowing climate and vegetation dynamics to be disentangled.
Reconstructions of temperatures from foraminiferal §**0 or from lipid biomarkers remain
somewhat rare (especially for terrestrial sites; Figure 4-2), but several speleothems from Botuvera
cave (and one from Santana cave) provide millennia-long, high-resolution records of rainfall source
and amount (Cruz et al., 2005, 2006, 2007, 2009; Wang et al., 2006, 2007; Bernal et al., 2016).
Southern Brazil's two different sources of precipitation have different isotopic signatures: the SASM
rainfall, having travelled long distances, arrives in southern Brazil depleted of heavy oxygen
isotopes, whereas the more local oceanic moisture is comparatively enriched with **O (Cruz et al.,
2005, 2009). Thus, records of more depleted oxygen isotope ratios (more negative §**0 values)
suggest more convective activity, a more intense hydrological cycle, and a stronger SASM (Cruz et
al., 2005, 2009; Wang et al., 2006, 2007). When reduced rainfall leads to lower water levels in the
aquifers above speleothemes, air circulation increases, encouraging calcite to precipitate and
allowing trace elements like strontium, barium and magnesium to be incorporated into the
speleothem layers instead of calcium; thus, elevated Sr/Ca, Ba/Ca and Mg/Ca ratios signify emptier
aquifers and less rainfall (Cruz et al., 2007).
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Figure 4-2: The last 21,000 years of air and sea surface temperatures from six proxy sites, of which Col6nia is the
only terrestrial record (see Figure 4-5 for site locations, and the text for source publications). Points show all
available data, and lines plot the average for each 1,000-year bin.

Over the last 120,000 years, southern Brazil's rainfall amount, recorded by speleothem proxies from
Botuvera and Santana, has generally tracked summer insolation and been driven by changes in the
SASM (Figure 4-4; Cruz et al., 2005, 2006, 2007). Also visible in Figure 4-3 is the generally greater
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contribution of SASM rainfall (depleted §*%0 ratios) in Santana cave, thanks to its location in south-
eastern Brazil within the SACZ, further north than Botuvera (Cruz et al., 2006). Botuvera's trace
element ratios (Figure 4-3c) suggest that the period around the LGM had considerably more rainfall
than almost any point in the Holocene (last 11,600-12,000 years), and that the time around the
Holocene onset was the driest southern Brazil had experienced for many tens of thousands of years.
Southern Brazil's rainfall through much of the Holocene can be seen in higher resolution from
another Botuvera speleothem in Figure 4-4 (Bernal et al., 2016); despite the slightly different
trajectories across the different trace element ratios, the driest period in the last nine millennia
appears to have been around 7,000 years ago, followed by a general increase in rainfall before the
last millennium or so was punctuated by some sharp changes in precipitation amount. Similarly
fine-scale trends are not visible in the region’s proxy records of palaeo-temperatures (Figure 4-2),
but the most recent millennia are generally the warmest since the LGM, when sea surface
temperatures appear to have been 2-4°C lower than present (Toledo et al., 2007; Carlson et al.,
2008; Pivel et al., 2013; Chiessi et al., 2014, 2015; Dauner et al., 2019; Rodriguez-Zorro et al., 2020).
Colonia’s terrestrial air temperature record has only coarse temporal resolution (it covers 180,000
years) and each point is accompanied by significant uncertainty (root mean squared error of ca.
4.7°C), but it shows constant lower annual average temperatures (21-22°C) from the LGM until
about 3,600 years ago, after which temperatures dropped to about 20°C then rose to approximately
26°C at present (Rodriguez-Zorro et al., 2020).
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Figure 4-3: ca. 120,000 years of past insolation and rainfall variability recorded by Botuverd and Santana
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speleothems. A) Insolation, calculated for February at 30°S (as in Cruz et al., 2007) using the R package 'palinsol’.
B) Stable oxygen isotope (6*0) proxies recorded at Santana (St8, blue, Cruz et al., 2006) and Botuverd (Bt2, red,
Ctuzetal., 2005). C) Trace element ratio anomalies (Mg/Ca, red, and Sr/Ca, blue; values standardised to plot on a
shared axis) and their mean (black line, 1,000-year bins) from Botuverd (Bt2). Speleothem data kindly provided by

F.W. Cruz.
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a) Botuvera (BTV21a) stable isotope record
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Figure 4-4: The last 9,000 years of rainfall in southern Brazil, recorded in high (sub-annual) resolution the BTV21a
speleothem (Bernal et al., 2016). Lines plot the proxy values averaged to 100-year bins and points show all
available measurements. A) Stable oxygen isotopes (6*°0). B) Trace element ratio anomalies (Mg/Ca, red, Sr/Ca,
blue, and Ba/Ca, green; values standardised to plot on a shared axis).

Independent palaeoclimate proxy records are not very well aligned with the main results from
pollen-derived inferences — the LGM, for instance, appears to have been wetter than previously
conceived, with less extremely cold annual average temperatures. Several factors likely contribute
to the discrepancy. Plants may be more sensitive to temperature or precipitation seasonality or
extremes than the averages which are captured by the proxy records; additionally, planktonic
foraminiferal 60 proxies (e.g. SAN-76, LaPAS KFo2, KNR159-5-36GGC) generally reflect summer
temperatures, whereas colder winter temperatures may have exerted a stronger physiological limit
on the region’s plants at the LGM (Toledo et al., 2007; Carlson et al., 2008; Pivel, Toledo and Costa,
2010; Pivel et al., 2013). Grazing by now-extinct herbivorous megafauna may have played a role in
promoting Campos at the expense of forest, but this has not been studied in southern Brazil. Fire
would have had a similar effect but was probably depressed under cooler, wetter conditions, and
charcoal is not notably high in the few sites which record it on the highlands at this time (Behling,
1997; Behling et al., 2004; Jeske-Pieruschka et al., 2013). A factor which likely did have a very
significant impact, though, is the LGM’s low atmospheric CO, concentrations (180-190 ppm *#)
(Gerhart and Ward, 2010). These conditions would have provided a competitive boost to the C4-
photosynthesising plants which dominate Campos vegetation — outweighing the negative effects of
cold temperatures on C4 photosynthesis — while inflicting disproportionate water stress on C3
photosynthesisers, including all southern Brazil's woody vegetation (Mayle et al., 2004; Gerhart and
Ward, 2010; Pivel, Toledo and Costa, 2010; Svenning et al., 2011; Montade et al., 2019). This
important factor has generally been neglected in discussions of southern Brazil’s past climate and

* Compared to about 270 ppm before the Industrial Revolution, 354 ppm when | was born, and 417 ppm in
late 2021.
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vegetation, however, and is usually omitted in studies which have tried to reconstruct the region’s
climatic conditions from pollen data.

The comparative wealth of vegetation-independent palaeoclimate data for southern Brazil is vital
for understanding the region’s past vegetation dynamics. It breaks the circularity of pollen-derived
climate reconstructions and opens up opportunities to examine and weigh alternative drivers of
observed palaeoecological changes — not only climate, but CO,, fire, grazing, biotic interactions,
historic factors, and humans (Mayle and Iriarte, 2014; Jackson and Blois, 2015). Unpicking how
these and other factors combined to shape southern Brazil's ecosystems in the past is of paramount
importance for explaining their contemporary situations and understanding their likely responses to
future changes.

4.2 Plants and the past in the southern Atlantic Forest

The palaeoecology of the . - L — L
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better known than almost any
other region in the tropics,
with the highlands especially
well studied (Figure 4-5)
(Smith and Mayle, 2017).
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lowlands — Atlantic Figure 4-5: Map showing palaeoecological and palaeoclimate proxy records in
Rainforest taxa are this thesis, highlighting those mentioned in this literature review, with
extremely rare in fossil southern Jé and Guarani archaeological sites.

pollen records at the time

(Volta Velha record, Behling and Negrelle, 2001; GeoB2107-3 record, Gu et al., 2017). Their
distribution may have shrunk such that the ecosystem’s southern limit was found hundreds of
kilometres to the north (the Forest Refuge Hypothesis), or they may have persisted on land exposed
by drastically lowered sea levels (the Atlantis Rainforest Hypothesis) — the evidence is equivocal
(Behling and Negrelle, 2001; Behling, 2002; Bauermann, 2003; Carnaval and Moritz, 2008; Leite et
al., 2016; Gu et al., 2017). Even less is known about the long-term dynamics of the region’s
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Seasonally (semi-)Deciduous Forests, in which exceedingly few palaeoecological studies have been
conducted (Figure 4-5).

The millennial-scale history of Araucaria Forests, though, is more wide-ranging and complex. They
have periodically been part of the landscape in southern Brazil for at least 73,500 years (GeoB2107-3
record, Gu et al., 2017) and in south-eastern Brazil for at least 130,000 years (Colonia record, Ledruy,
Mourguiart and Riccomini, 2009), yet much of their contemporary distribution appears to have
developed comparatively recently. At the LGM, sampled areas of the southern plateau appear to
have been largely treeless and Campos dominated — even in the marine core GeoB2107-3's
presumably regional catchment, pollen from Araucaria Forest taxa is then generally rare (Behling et
al., 2004; Jeske-Pieruschka et al., 2013; Gu et al., 2017). Indeed, it appears that no published fossil
pollen sites in Brazil record Araucaria pollen during the LGM *. In the Late Glacial period (ca. 18,000-
12,000 years ago), however, Araucaria Forest elements appear in a number of palaeoecological
records over a far more extensive area than the ecosystem'’s current distribution — including,
notably, in central Brazil, where today the dominant vegetation is Cerrado savanna (Pinaya et al.,
2019). The pollen spectra from some sites in this region, in the Late Glacial as well as in some
millennia previously, lack modern equivalents, with Araucaria Forest taxa occasionally occurring
alongside others from drier or warmer environments (e.g. Caryocar) (Salgado-Labouriau, 1997;
Lagoa Olhos D'Agua record - Raczka et al., 2013; Serra Negra record - De Oliveira et al., 2020).

The earliest terrestrial record of Araucaria Forests in southern Brazil is from about 50,000 years ago,
in a buried peat bog at the Cerro do Touro valley head, but Araucaria pollen is absent or extremely
rare throughout the abbreviated record (de Oliveira et al., 2008). The oldest record documenting
changes to the present is from Buriti in south-western Parana (Bertoldo, Paisani and Oliveira, 2014),
where Araucaria pollen is found almost continuously from the Late Glacial onwards, alongside more
variable contributions from other tropical trees and Araucaria Forest taxa. Further south and east,
smaller-than- blocks of highland forest are found in CPCN Pro Mata from about 10,000 years ago
(Silva and Anand, 2011), and a brief buried peat record in the Cerro do Touro valley bottom cold-
adapted forest (again without Araucaria pollen) developing over several centuries at the start of the
Holocene (de Oliveira et al., 2008).

Later in the Holocene, multiple records in the plateau’s south-east (the highlands’ best-sampled
area — see Figure 4-5) attest to modest Araucaria Forest expansions over previously dominant
Campos between about 3,000 and 4,000 years ago, a period with increased rainfall (Figure 4-4)
(Behling, 2002; Behling et al., 2004; Silva and Anand, 2011; Jeske-Pieruschka and Behling, 2012;
Scherer and Lorscheitter, 2014; Spalding and Lorscheitter, 2015; Bernal et al., 2016). Some sites
(such as Ciama 2, Morro da Igreja, Serra do Rio Rastro, CPCN Pro Mata and, especially, Cambara do
Sul) record subsequent forest expansions after about 1,500 years ago — some of them notably larger
and faster than those which went before (Behling, 1995; Behling et al., 2004; Silva and Anand, 2013;
Jeske-Pieruschka et al., 2013). Originally interpreted, in many cases, as evidence for transitions
towards warmer and wetter conditions (see Section 4.1), these more recent changes appear to have
weaker links to the rainfall changes independently recorded in the BTV21a speleothem (Figure 4-4)
(Bernal et al., 2016; but see Rodrigues, Behling and Giesecke, 2016; Robinson et al., 2018). This
disconnect has raised the possibility that the changes Araucaria Forests experienced during the
Common Era (last 2,000 years) were instead driven, at least in part, by human actions (Bitencourt
and Krauspenhar, 2006; Iriarte and Behling, 2007; dos Reis, Ladio and Peroni, 2014; Robinson et al.,
2018) — a suggestion explored and reviewed in Section 4.3, and tested in Chapter 4.

5 Admittedly, relatively few fossil pollen records in the region cover the LGM period.
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However, well though we understand the palaeoecology of southern Brazil in general —and the
region’s highlands in particular —in the context of the world’s (sub)tropics, many significant gaps
remain. The great majority of the area’s palaeoecological proxy sites are small, with local
catchments that cannot pick up broader, more regional vegetation dynamics (Mayle and Iriarte,
2014; Smith and Mayle, 2017). Spatial skew in the distributions of these sites, with most coastal
ones found in the lagoons of northern Rio Grande do Sul and most Araucaria Forest-Campos
records clustered around the plateau’s south-eastern edge (Figure 4-5), means that even local
changes are unsampled in large parts of the region. For example, while the south-eastern plateau is
well studied, yielding important insights into the dynamics of Araucaria Forest patches embedded
in high-elevation Campos, Buriti has long been the only fossil pollen site in the continuous mid-
elevation Araucaria Forests, and it is uncertain how well findings translate from the former context
to the latter (Bertoldo, Paisani and Oliveira, 2014; Cardenas et al., 2019; Wilson et al., 2021).

One solution to problems of proxy sites’ spatial coverage is to use ecological niche models (ENMs).
Contingent on data availability, these can predict species’, communities’ and/or ecosystems’
responses to past climate changes at high spatial and temporal resolution, with continuous spatial
coverage (Svenning et al., 2011). Several studies have used ENMs to predict past changes in the
southern Atlantic Forest's vegetation (Carnaval and Moritz, 2008; Porto, Carnaval and da Rocha,
2013; Carnaval et al., 2014; Vitorino et al., 2016; Arruda et al., 2017; Costa et al., 2017; Ledo and
Colli, 2017; Bergamin et al., 2019), but each shares one or more notable limitations (expanded on in
Chapter 3, Wilson et al., 2021). Many focus only on the two past time slices for which gridded
palaeoclimate data are most readily available (the mid-Holocene, 6,000 years ago, and the LGM,
21,000 years ago), despite other periods (such as the start of the Holocene, around 12,000 years
ago) having similar or greater palaeoecological relevance (Figure 4-3). Efforts to cross-reference
predictions and palaeoecological data tend to be less extensive or detailed than they could be —
important sites such as Buriti (Bertoldo, Paisani and Oliveira, 2014) are often omitted, perhaps
because authors rely on incomplete databases such as Neotoma when searching for proxy records.
Finally, ecosystems are frequently modelled as units, without consideration for changes in floristic
composition, community reassortment, or the development of no-analogue assemblages — factors
which could be considerable in the past (Williams and Jackson, 2007; Section 1) and to which the
southern Atlantic Forest’s complex floristic gradients (see Section 3) may have been especially
sensitive.

These weaknesses in existing palaeo-ENM studies focusing on the southern Atlantic Forest were a
key motivation for the research in Chapter 3 (Wilson et al., 2021). Specifically, this study uses high-
resolution climate data for seven past time slices (incorporating major fluctuations in sea levels) to
track vegetation changes through time; models the distributions of 30 key forest and Campos
species and aggregates them into assemblages to examine fine-scale floristic changes; and closely
compares the predicted results against an extensive dataset of palaeoecological records. This
research is informed and supported by the results from Chapter 2 (Cardenas et al., 2019, described
further in Section 4.3), which shed light on how changes to Araucaria Forest structure and
composition are reflected in fossil pollen records —important when evaluating connections between
model-predicted and pollen-observed past vegetation changes.

4.3 Putting people in the picture

[F]or centuries the Kaingang groups and their ancestors led processes of cultural
construction of the landscapes of Brazil’s South. The araucdria [...] is a living
expression of this culturalized landscape.
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Ricardo Cid Fernandes & Paulo de Goes (2018)

Southern Brazil has been inhabited by humans for 10,000 years or more (Noelli, 2000a). Along the
region'’s coasts, fisher-gardener communities built shellmounds called sambaquis and altered
sandy-substrate coastal restinga ecosystems, showing remarkable continuity over at least 8,500
years (Iriarte et al., 2016; Scheel-Ybert and Boyadjian, 2020). Inland, archaeological sites from early
in the region’s human occupation are ascribed to the loosely defined Umbu and Humaitd hunter-
gatherer traditions, though Umbu lithic sites at high elevations are yet undated (Moreno de Sousa
and Okumura, 2018; Araujo and Okumura, 2021; Corteletti et al., 2021). Most relevant to the
research in this thesis, though, are the archaeological traditions which are first recorded in southern
Brazil late in the Holocene —the southern Jé and, to a lesser extent, the Guarani.

The macro-Jé linguistic family has its origins in central Brazil, from where migration and cultural
diffusion gave rise to the highlands’ southern Jé groups about 2,000 years ago (Noelli, 20003; de
Souza, Mateos and Madella, 2020; Corteletti et al., 2021). Although at least four southern Jé groups
existed at the time of first contact with Europeans, the Kaingang and Xokleng are the only two
remaining, the Ingain and Kimda languages having been exterminated from the plateau’s western
edge (Jokelsky, 2010; Iriarte et al., 2016; Noelli and De Souza, 2017). The preserved material cultures
of these different groups and their ancestors cannot currently be distinguished, so archaeologists
often refer to the ‘southern proto-Jé’ (cf. Robinson, Iriarte, De Souza, et al., 2017); in this thesis |
generally use the broader term ‘southern J&’, since it also encompasses extant and historically
known groups (cf. Noelli and De Souza, 2017).

The pre-colonial southern Jé were at least semi-sedentary and practised a mixed economy, hunting
game, cultivating maize (Zea mays), manioc (Manihot spp.), squash (Cucurbita spp.) and beans
(Phaseolus spp.), and exploiting forest resources such as fruit trees from the Myrtaceae family
(Corteletti et al., 2015). Pinhdo from Araucaria trees were among the most important resources to
communities, representing a food source that was nutritious, could be effectively preserved, and
was available in large quantities over long periods — especially at times of year when other forest
resources were scarce (Henry, 1964; Noelli, 2000a; Corteletti et al., 2015; Loponte et al., 2016;
Bogoni, Muniz-Tagliari, et al., 2020). Their cultural and economic importance was such that
Araucaria starch has been found extensively in coastal sambaquis from pinhao carried and traded
over hundreds of kilometres (Wesolowski et al., 2010; Scheel-Ybert and Boyadjian, 2020). Cycles of
Araucaria fruiting also appear to have driven seasonal movements among at least some southern Jé
groups, including in the historically known Xokleng (Henry, 1964; Noelli, 2000a; Moura, 2021).

The two principal types of southern Jé archaeological sites are domestic and funerary. In the
archaeological record, southern Jé settlements consist of semi-subterranean pit houses ** (some of
them extremely large, suggestive of social hierarchy and inequality) in settlements which, in some
instances, were continuously occupied for many centuries (de Souza, Robinson, et al., 2016; Noelli
and De Souza, 2017; de Souza, 2018). These settlements appear to have proliferated and increased
in complexity from around 1,000 years ago (Bitencourt and Krauspenhar, 2006; Iriarte and Behling,
2007; Robinson et al., 2018); at about the same time, the southern Jé began to build monumental
funerary structures known as mound and enclosure complexes (MECs), which have striking parallels
with Kaingang cosmology, social organisation and ritual practices (Iriarte, Gillam and Marozzi,
2008; Iriarte et al., 2013; Robinson, Iriarte, de Souza, et al., 2017; Robinson, Iriarte, De Souza, et al.,
2017). Frequently constructed in prominent topographic positions, on hilltops with wide viewsheds,
MECs and pit-house settlements combined to form highly structured ‘sacred landscapes’ on Brazil's

6 By the time of the earliest European records, southern J&é communities no longer used pit houses.
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southern highlands (Iriarte et al., 2013, 2016; Robinson, Iriarte, de Souza, et al., 2017; Robinson,
Iriarte, De Souza, et al., 2017)

The timing of the southern Jé&’s archaeological expansion coincides with an increase in the number —
and expansion in the distribution — of Guarani archaeological sites in southern Brazil. Originating in
Amazonia, people speaking Tupi-Guarani languages expanded into new territory late in the
Holocene — most likely in response to changing climates and increased areas of gallery forests which
could support their communities and the agroforestry on which they depended (Bonomo et al.,
2015; Pereira et al., 2016; Iriarte et al., 2017; de Souza, Mateos and Madella, 2020; Noelli et al., 2021;
Souza, Noelli and Madella, 2021). The Guarani probably reached southern Brazil early in the
Common Era (last 2,000 years), initially occupying lowland areas around the edges of the plateau
(including the Atlantic coast) before advancing along major rivers into the highlands about 1,000
years ago (Figure 4-5) (Bonomo et al., 2015; Iriarte et al., 2017). These developments may have
spurred the southern Jé to erect MECs as an ‘impermeable frontier’ against Guarani incursions into
their territories (de Souza, Corteletti, et al., 2016).

Notably, these significant archaeological changes occur at the same time as some of the largest
recent expansions of Araucaria Forest. This, along with the ecosystem'’s spatial overlap with the
southern Jé&’s territory and the importance of Araucaria Forest resources — particularly Araucaria
trees —to the southern J&, has led to suggestions that the two developments are causally linked
(Noelli, 20004; Bitencourt and Krauspenhar, 2006; Iriarte and Behling, 2007; dos Reis, Ladio and
Peroni, 2014). It is quite likely that more abundant resources from expanded Araucaria Forests
helped to sustain the southern Jé’s expansion (Iriarte and Behling, 2007), but the question of
whether the southern Jé caused the Araucaria Forest expansions — entirely or in part — has not been
fully resolved.

The possibility that the development of modern Araucaria Forests required input from Indigenous
people was suggested as early as the mid-20™ Century (for a fuller review, see the supplementary
material for Chapter 4). Aubreville (1948) hypothesised that disturbances from fire and other land
uses had opened up the forests and allowed Araucaria trees to regenerate, with the forests’ modern
structure — well-established canopies of mature Araucaria trees, dense angiosperm sub-canopies
and understoreys, little Araucaria regeneration —a consequence of Indigenous people having been
removed from their land. Bitencourt and Krauspenhar (2006) were among the first to highlight the
increasingly apparent temporal overlap between palaeoecological and archaeological evidence,
with dos Reis et al. (2014) highlighting aspects of Araucaria’s biology, ecology and cultural role
which together lend credence to anthropogenic input into the Araucaria Forest expansions. For
some time is has been assumed that parts of the Araucaria Forest have had anthropogenic origins
(including, potentially, from the more distant Umbu and Humaita traditions; Noelli, 2000a); until
recently evidence for this had been lacking, but several recent studies have helped make this a more
widely accepted view (as stated in, among others, Bogoni, Graipel and Peroni, 2018; Sths, Hettwer
Giehl and Peroni, 2018; Bogoni, Batista, et al., 2020; Bogoni, Muniz-Tagliari, et al., 2020; Pereira
Cruzetal., 2020; Clement et al., 2021; SUhs et al., 2021).

Pereira Cruz et al. (2020) attempted to identify ecological legacies of Guarani and southern Jé
occupations on southern Brazil’s forests, overlaying data from the Santa Catarina Forest Floristic
Inventory (Vibrans et al., 2010, 2020) with modelled distributions of each group’s archaeological
sites. This effectively highlighted the spatial (and associated floristic) differences between the two
groups —the Guarani along the coast and major rivers, with Atlantic Rainforest and Seasonally
Semi-deciduous Forests (SDF); the southern Jé at high elevation, with some consideration for major
rivers, in Araucaria Forests (and, to a lesser extent, SDF; Figure 4-5) — but did not examine
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differences within them or account for climatic confounders of the floristic patterns observed.
Lauterjung et al. (2018) found genetic evidence of rapid expansions from a single refugium in A.
angustifolia's chloroplast DNA; they assigned it a human cause, calculating that, without assistance,
Araucaria populations could not have reached the western extremes of their contemporary range
from their putative refugium in the 4,000 years since their first observed expansion in highland
palaeoecological records. However, other, larger genetic studies have found more evidence for
spatial structure and multiple refugia, and Buriti's fossil pollen record shows that western Araucaria
populations were well established early in the Holocene (Bertoldo, Paisani and Oliveira, 2014;
Stefenon et al., 2019).

To date, the best evidence for anthropogenic expansions of Araucaria Forests comes from Robinson
et al.'s (2018) close integration of palaeoecological, palaeoclimatological and archaeological
research. The authors note that the current spatial distribution of Araucaria Forest differs between
an area with intense pre-colonial southern Jé occupation (Campo Belo do Sul) and an
archaeologically empty region (Lages), and that forests in the archaeological area expanded during
a period of burgeoning human occupation and stable rainfall whereas vegetation in the unoccupied
region barely changed for 7,500 years — together suggesting anthropogenic forest expansion. This
finding rests on the key assumption that the two locations would exhibit the same spatial and
temporal vegetation patterns in the absence of past southern Jé occupation, but several
confounding factors may invalidate the comparison. The regions are 60 km distant from one
another, differing by 100-300 m of elevation; partly because of the resulting climatic gradient, Lages
is covered more by Campos than Araucaria Forest, with the opposite being true of Campo Belo do
Sul; 20t"-Century habitat loss impacted Campo Belo do Sul more than Lages, so only a subset of its
non-forest areas are natural. All these potentially confounding factors mean that natural
explanations cannot be ruled out for (some of) the observed differences between the areas’
Araucaria Forest distributions and histories.

In light of the above weaknesses and caveats in existing studies examining southern Jé impacts on
Araucaria Forests, the question of the extent to which the ecosystems were transformed before
European arrival has remained open. The research in Chapter 4 of this thesis is intended to fill this
significant knowledge gap. To maximise the chances of addressing the question successfully, this
chapter presents the first fossil pollen studies in southern Brazil to use closely linked
palaeoecological and archaeological sites (cf. Mayle and Iriarte, 2014). Importantly, though, these
data do not stand alone, with the study design accounting for both natural and climatic drivers of
vegetation change, examining changing patterns in both space and time, and producing modelled
predictions to evaluate against the most extensive possible combinations of empirical
palaeoecological, palaeoclimatological and archaeological evidence.

To combine these different sources of evidence to their full effect, however, it is important to
understand how human impacts would appear in palaeoecological records. Linking modern
vegetation cover with modern pollen data is an important step in resolving how catchments’ land
cover might be reconstructed using fossil pollen data. This can show which taxa are indicative of
different ecosystems, which are sensitive to ecological changes, which are abundant or poor pollen
producers, etc. Such knowledge is also the foundation of quantitative landscape reconstruction
methods (e.g. Bunting et al., 2018). However, at the beginning of my PhD, no quantitative data
relating modern pollen and vegetation had been published: the existing studies on modern pollen-
vegetation relationships in Araucaria Forests (Behling, Bauermann and Neves, 2001; Garcia et al.,
2004; Jeske-Pieruschka et al., 2010) had used largely qualitative approaches, identifying key
indicator taxa but not analysing connections between pollen records and vegetation changes. The
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then-unmet need to understand how past human impacts on forest structure or composition may
have been reflected in fossil pollen records motivated the research in Chapter 2 (Cardenas et al.,
2019). Subsequent studies have further advanced our understanding of Araucaria Forest modern
pollen-vegetation relationships (Montade et al., 2019; Guarinello de Oliveira Portes et al., 2020;
Piraquive Bermudez, Theuerkauf and Giesecke, 2021).
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Publication status
This paper has been published in Global Change Biology (2019, vol. 25:12, p. 4339-4351, doi:
10.1111/qcb.14755).

Overview

This opening chapter examines how the intersection of historic habitat loss and future climate
changes will affect the distribution of Araucaria angustifolia, and the extent to which small-scale
microrefugia can ameliorate broad-brush losses. A. angustifolia is the most important and iconic
species on the highlands — it literally defines the eponymous Araucaria Forests — so its resilience to
future climate change is an effective shorthand for the responses of the wider ecosystem.

Starting at the present and incorporating the effects of the last century, this chapter looks ahead to
the coming decades, setting up the longer timescales of the papers which follow. This work also
introduces ecological niche/species distribution models (ENMs/SDMs) — the technique which
underpins much of the other research in this thesis, but which here stands more alone than in the
subsequent chapters. The research in Chapters 3 and 4 builds, in differing ways, on the methods and
results presented here.
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I had the lead role in conceiving this study and designing its analysis. Most of the location data were
provided by Débora Lingner and Alexander Vibrans (Federal University of Blumenau), which | used
to build the ENMs; | assessed and analysed their results and led the writing-up process, including
writing the first draft. My contribution to this paper is estimated at 90%. The published author
contribution statement is below:

OJW, RJW and FEM conceived the study; OJW and RJW designed the analysis; DVL and ACV
provided IFFSC locality data; OJW built the ensemble models and analysed the results; OJW, RJW
and FEM drafted the manuscript, which all authors revised before submission.
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Abstract

Brazil's Araucaria tree (Araucaria angustifolia) is an iconic living fossil and a defining element of the
Atlantic Forest global biodiversity hotspot. But despite more than two millennia as a cultural icon in
southern Brazil, Araucaria is on the brink of extinction, having lost 97% of its extent to 20™"-Century
logging. Although logging is now illegal, 21%*-Century climate change constitutes a new — but so far
unevaluated - threat to Araucaria’s future survival. We use a robust ensemble modelling approach,
using recently developed climate data, high-resolution topography and fine-scale vegetation maps,
to predict the species’ response to climate change and its implications for conservation on meso-
and microclimate scales. We show that climate-only models predict the total disappearance of
Araucaria’s most suitable habitat by 2070, but incorporating topographic effects allows potential
highland microrefugia to be identified. The legacy of 20™"-Century destruction is evident — more
than a third of these likely holdouts have already lost their natural vegetation — and 21*-Century
climate change will leave just 3.5% of remnant forest and 28.4% of highland grasslands suitable for
Araucaria. Existing protected areas cover only 2.5% of the surviving microrefugia for this culturally
important species, and none occur in any designated Indigenous territory. Our results suggest that
anthropogenic climate change is likely to commit Araucaria to a second consecutive century of
significant losses, but targeted interventions could help ensure its survival in the wild.

1. Introduction

Araucaria angustifolia (Bertol.) Kuntze (hereafter ‘Araucaria’) is a member of an ancient genus

that dates back to the Jurassic period (Forest et al., 2018). Its iconic candelabra shape defines
southern Brazil's Mixed Ombrophilous Forests (MOF) (Oliveira-Filho et al., 2014), a unique
formation of the Atlantic Forest biodiversity hotspot (Myers et al., 2000; Oliveira-Filho and Fontes,
2000; Duarte et al., 2014). Araucaria has also been a cultural keystone (Cristancho and Vining, 2004;
Garibaldi and Turner, 2004) for millennia: it “could be considered the ritual object par excellence”
for the Indigenous southern Jé people (Fernandes and Piovezana, 2015, p. 120), and it is the most
frequently-used plant species among Santa Catarina state’s rural population (Justen, Miller and
Toresan, 2012). Presently, Araucaria’s chief economic value comes from its seeds (pinhao), which
were a critical component in the southern Jé’s diets before European arrival (Corteletti et al., 2015;
Loponte et al., 2016) and remain a popular food source in Brazil today (Souza et al., 2010; Adan et
al., 2016; Zechini et al., 2018) — 9,293 tonnes, worth more than USs5.5 million, were harvested in
2017 (IBGE, 2018). A National Pinhao Festival has been held in Santa Catarina for 30 years, and
Araucaria is celebrated on Parana state’s coat of arms. But despite its long-standing cultural and
economic value, 20™-Century deforestation left Araucaria Critically Endangered (Thomas, 2013).
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Between 1910 and 1970, immigration from Europe, technological advances and Brazil's growing
economy sparked a logging boom which destroyed 97% of Araucaria’s habitat in just three
generations, bringing the species to the brink of extinction (de Carvalho and Nodari, 2010; Thomas,
2013; Nodari, 2016). MOF’s remaining fragments now cover only 12.6% of the biogeographic region
once dominated by the forest (fig. 1) (Ribeiro et al., 2009). This precarious present situation,
combined with its long evolutionary history, makes Araucaria angustifolia the third most
evolutionarily distinct and globally endangered (EDGE) of the planet’s 1,090 gymnosperm species
(Forest et al., 2018). And despite its legal protections, it is now at risk from 21%*-Century climate
change. MOF occupies the Atlantic Forest's coldest and highest-altitude extremes (Neves et al.,
2017), requiring high year-round rainfall, temperate summers and cold minimum temperatures
(average annual temperature 12-20°C, with frequent winter frosts) (Hueck, 1953; Alvares et al.,
2013; Oliveira-Filho et al., 2014; Sevegnani et al., 2016) — conditions likely to become rarer in the
near future (Chou et al., 2014; Beck et al., 2018). Brazil is already experiencing anthropogenic
warming of up to 1°C per decade, with rainfall regimes in the south disrupted as spring and autumn
precipitation increases and winter rainfall declines (de Barros Soares et al., 2017). Continued
warming and further changes to the quantity and seasonality of precipitation are predicted

over coming decades (Chou et al., 2014), though theirimpacts on Araucaria’s remaining populations
have not yet been tested. Indeed, no species in the genus Araucaria and none of the 14 highest
ranked EDGE gymnosperm species — many of them with similar climatic requirements and recent
population histories to A. angustifolia — have had their spatial responses to 21%*-Century climate
change examined.

There is a growing recognition, however, that modelling species’ responses to changes at the
macroclimatic scale (12-100 km) may fail to account for how individual organisms experience local-
level climate (Ackerly et al., 2010; Ashcroft, 2010; Dobrowski, 2011; Keppel et al., 2012; Hannah et
al., 2014; Lenoir, Hattab and Pierre, 2017). Fine-scale (1-100m) topography can modify both the
speed and magnitude of environmental changes: shallow aquifers and lithologic contrasts can
provide year-round moisture even when rainfall is reduced (McLaughlin et al., 2017); sheltered
slopes have reduced rates of evaporation relative to those exposed to wind and direct sunlight
(Ashcroft, Chisholm and French, 2008; Ashcroft and Gollan, 2012); and convergent terrain permits
the pooling of cold, moist air (Daly, Conklin and Unsworth, 2010; Ashcroft and Gollan, 2012). When
the “relict climates” (Dobrowski, 2011) in such locations enable a population to persist in a generally
less suitable landscape they are referred to as microrefugia (Rull, 2009; Ashcroft, 2010; Hannah et
al., 2014). As southern Brazil's temperatures rise and its rainfall regime continues to change, these
relic ‘cold spots’ may become critical for Araucaria’s continued survival. Whether these areas will act
as potential ‘stepping stones’ to newly available habitats, or merely *holdouts’ into which its
populations retreat with little hope of recovery, their identification and protection is an urgent
conservation priority (Keppel et al., 2012; Hannah et al., 2014; Morelli et al., 2016).

Here we develop species distribution models for Araucaria angustifolia for the first time, using two
different climatic datasets to project the species’ responses to 21*-Century climate change, and
incorporate ultra-fine scale topographic variables to investigate the role of cold spot microrefugia in
moderating these. We then use high-resolution maps of remotely-sensed natural vegetation cover
and the locations of existing protected areas to assess the conservation situation of these most
resilient habitat patches.
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Figure 1: Map showing the study region’s current potential vegetation (IBGE, 2004) and remnants >3 ha within
the Atlantic Forest domain of Parand, Santa Catarina and Rio Grande do Sul states (Fundagdo SOS Mata
Atlantica and Instituto Nacional de Pesquisas Espaciais - INPE, 2015). Pink outlines show Brazilian protected
areas (IUCN category la-VI), and blue outlines show designated Terras Indigenas.

2. Methods

To assess the role of microrefugia in promoting Araucaria’s resilience to 21*-Century climate
change, we first built ensemble species distribution models using established methodologies with
climate data from Worldclim (Hijmans et al., 2005) and CHELSA (Karger et al., 2017a) (~8oo m
resolution). We then generated a further ensemble model (‘CHELSA+') using CHELSA climate data
and three topographic variables (relative elevation, exposure of surfaces to prevailing wind and to
direct insolation) inferred from a 3om-resolution elevation model. These models estimated
Araucaria’s ecological niche at present and in 2070 under two emissions scenarios — RCP4.5
(relatively optimistic) and RCP8.5 (pessimistic, business-as-usual). We considered areas where
Araucaria’s predicted probability of occurrence (pocc) was 275% in all three climate scenarios to be
potential microrefugia. Using a map of remnant natural vegetation >3 ha in area (Fundagdo SOS
Mata Atlantica and Instituto Nacional de Pesquisas Espaciais - INPE, 2015), we identified potential
microrefugia still within natural Campos (high-altitude grasslands) and forest fragments, as well as
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the larger vegetation patches these microrefugial populations may support. These locations were
then cross-referenced with a database of Brazilian protected areas (UNEP-WCMC and IUCN, 2018)
to assess their conservation status.

2.1. Occurrence, climate and topographic data

We modelled Araucaria’s potential distribution between 25-30°S and 54-48°W. Presence and true
absence records for Araucaria were taken from the Santa Catarina forest floristic

inventory (IFFSC), a state-wide, systematic survey of natural forests using 4,000 m? sample

plots spaced 5-10 km apart (Vibrans et al., 2010). Overall, 1,670 individual Araucaria trees >10

cm diameter at breast height were identified in the survey, of which we used one presence record
per plot. Additional occurrences from Misiones province (Argentina), Parana and Rio Grande do
Sul were obtained from the Global Biodiversity Information Facility (GBIF, 10*" January

2018, https://doi.org/10.15468/dl.7bsjat). After cleaning coordinates from GBIF, this combined
dataset yielded 106 presence records (83 from IFFSC plots, 23 from GBIF). Araucaria trees were not
recorded in 334 IFFSC plots; these localities were treated as true absences, although Araucaria’s
absence from these plots may be influenced by dispersal limitations, biotic interactions or
disturbance history as well as climatic conditions. A random 20% of the locality data was set aside
for model evaluation, with the remainder used for building and cross-validating the models.

A Mann-Whitney-Wilcoxon text showed no significant differences between these datasets in terms
of latitude (p=0.48), longitude (p=0.82) or altitude (p=0.17).

Climate data were downloaded from Worldclim v1.4 (Hijmans et al., 2005) and CHELSA (Karger et
al., 20173, 2017b) at 30 arc-second resolution. We used climate change projections for 2070 (average
of 2061-2080, RCP4.5 and 8.5 emissions scenarios) from three General Circulation Models (GCMs):
CCSMg4, CNRM-CM5, and NorESMa-M were chosen because they have been shown to perform well
in Latin America (Yin et al., 2013; Hidalgo and Alfaro, 2015; Lovino et al., 2018) and were available
for both Worldclim and CHELSA at the desired resolution. Best practice in SDM construction
advocates restricting inputs to biologically relevant climate factors rather than using the full set of
bioclimatic variables (Fourcade, Besnard and Secondi, 2017). We selected six, based on the subset of
all variables which yielded the lowest Bayesian Information Criterion (BIC): isothermality (bio3),
minimum temperature of the coldest month (bio6), mean temperature of the coldest month (bio11),
annual precipitation (bio12), precipitation seasonality (bio15) and precipitation of the driest quarter
(bio17). Multidimensional scaling showed these variables were not closely correlated (for correlation
statistics, see fig. S1), and they appear to be biologically relevant as Araucaria and MOF

are associated with a constantly moist climate with no dry season, and constantly cool conditions
with low minimum temperatures (Hueck, 1953; Alvares et al., 2013; Oliveira-Filho et al., 2014; Neves
etal., 2017).

Topographic variables (exposure to solar irradiation, exposure to prevailing winds, relative
elevation) were derived from the 3om-resolution ASTER global digital elevation model, a product of
METI and NASA, downloaded from https://earthexplorer.usgs.gov. These variables were chosen

as MOF at high elevations has been observed to prefer sheltered valley slopes and river banks
(Hueck, 1953; Robinson et al., 2018), and because these areas are likely to represent colder and
moister microclimates (Ashcroft, Chisholm and French, 2008; Dobrowski, 2011; Ashcroft and Gollan,
2012; McLaughlin et al., 2017). The two exposure variables were calculated according to the
methods in (Ashcroft, Chisholm and French, 2008) using azimuths of 315° (i.e. north-west) for solar
irradiation (McCune and Keon, 2002; McCune, 2007) and 30°, 60° and 90°, subsequently averaged,
for the region’s prevailing winds (Camargo do Amarante et al., 2001). A point’s relative elevation
has been shown to effectively predict the level of cold air pooling it experiences (Ashcroft and
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Gollan, 2012); we followed Ashcroft and Gollan (2012) by calculating this as the difference
between a pixel’s elevation and the minimum elevation within a s5oom radius. Although these
variables are themselves static (i.e. will not change over the time scales studied here), they interact
with changeable climate variables and so were included as explanatory variables in our CHELSA+
model (following Stanton et al., 2012).

We did not include edaphic variables in the modelling process since Araucaria’s distribution is better
explained by climatic variables alone — SDMs of the species perform better when edaphic variables
are excluded, and soil conditions do not appear to exert a strong influence on its occurrence (Miller
etal., 2012; Velazco et al., 2017).

2.2. Model construction

Species distribution models (SDMs) were constructed using the ‘biomod2’ package (Thuiller et al.,
2016) in Rv.3.4.2 (R Core Team, 2020). We created ensemble models by averaging high-performing
model runs from seven (CHELSA+) or eight (Worldclim, CHELSA) algorithms: generalised linear
models (GLMs), generalised additive models (GAMs), artificial neural networks (ANNs), maximum
entropy (Maxent (Phillips et al., 2017)), generalised boosting models (GBMs), random forests

(RFs), classification tree analysis (CTA), and multiple adaptive regression splines (MARS). For
computational reasons, Maxent was not run for CHELSA+. Each algorithm was run ten times, and
assessed using the area under the receiver operating curve (AUC) and true skill statistic (TSS)
metrics (Allouche, Tsoar and Kadmon, 2006). TSS varies from -1 to +1, with o signifying a model no
different to random; AUC varies from o to 1, with a random classifier expected to score o.5.
Projections from model runs with TSS 20.65 and AUC 20.9 for both cross-validation and

evaluation were averaged to produce ‘hibar’ ensembles; ‘lobar’ ensembles averaged model runs
with TSS scores 20.6 and AUC 20.85 (table 1). These ensemble models were then projected into
scenarios for 2070 (relatively optimistic RCP4.5 and pessimistic, business-as-usual RCP8.5) using
climate data from each GCM for Worldclim and CHELSA, with an average prediction subsequently
taken. Due to the computational demands of CHELSA+, only the CCSM4 scenarios were run —this
GCM was chosen as it makes the most accurate predictions of temperature and precipitation in this
region (Lovino et al., 2018).

For subsequent analysis we categorised the continuous model output (probability of occurrence,
Pocc) into four equal classes, with divisions at 25%, 50% and 75%. To guide conservation priorities, it
isimportant to consider areas where Araucaria is most likely to be —and remain — present. Although
it is likely to be found in some areas projected to have lower pocc values, we can be highly confident
of Araucaria’s presence in areas with pocc 275%; this makes these the most valuable foci. We
therefore consider locations with pocc 275% in all three modelled scenarios (present, RCP4.5 and
RCP8.5) to be potential microrefugia. We also consider areas which have pocc of 250% in all three
scenarios, but which do not qualify as potential microrefugia, to have moderate climatic resilience —
they are less climatically suitable for Araucaria than full microrefugia, but may provide important
habitat if the species is able to tolerate relatively less suitable conditions.

[Model runs meeting hibar/lobar standard

GLM |GAM |Maxent |ANN |GBM [RF CTA MARS |[Total

WC hibar 2 2

lobar | 2 5 3
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CH hibar |5 B i 9
lobar |8 3 2 2 8 8 31

CH+ hibar |5 X 8 7 4 24
lobar o 2 X 5 10 10 ale) 47

Table 1: Model runs meeting ‘hibar’ and ‘lobar’ criteria for inclusion in ensembles (see fig. Sz for evaluation scores
of all model runs).

2.3. Vegetation remnants and conservation areas

To analyse the effects of past habitat loss, we used the 2013-2014 SOS Mata Atlantica atlas of
remnant natural vegetation (Fundagdo SOS Mata Atlantica and Instituto Nacional de Pesquisas
Espaciais - INPE, 2015). This identified areas of natural vegetation larger than three hectares
using satellite imagery at 1:50,000 scale (approximately 25 m resolution) in the Brazilian states
of Parana, Santa Catarina and Rio Grande do Sul, which constitute >98% of our study area; small
parts of S3o Paulo state and Argentina’s Misiones province are excluded. We used this dataset to
locate areas of conservation priority, by identifying which microrefugia and moderately resilient
areas occur within this remnant vegetation, and which have lost their natural vegetation. We also
identified areas of remnant vegetation contiguous with significant microrefugia. We defined these
as continuous areas of forest or natural non-forest (almost all of which is Campos in our study
region) which either contained =100 microrefugial cells (0.09 km?) or had microrefugial cells
covering 25% of their area, i.e. vegetation patches which contain relatively large areas of
microrefugia, or which are small but largely resilient.

To assess the present conservation situation of these potential microrefugia, we compared the sites
of microrefugia and resilient patches identified above with the locations of all Brazilian protected
areas and designated Terras Indigenas within our study area (fig. 1), downloaded from the World
Database on Protected Areas (UNEP-WCMC and IUCN, 2018).

3. Results
Between 3.9 and 4.5 times as many model runs, from a wider range of algorithms, met our quality
thresholds when using CHELSA compared to Worldclim (table 1). Since the *hibar’ Worlclim

ensemble model contained only two model runs from a single algorithm, we chose to analyse the
‘lobar’ Worldclim ensembile; *hibar’ ensembles were used for CHELSA and CHELSA+.

Araucaria’s predicted present distribution in all three models (fig. 2) is similar to MOF'’s potential
distribution (fig. 1) with high-altitude grassland areas also predicted to be suitable, aligning with
palaeoecological evidence that the forests have been expanding over Campos through the last
4,000 years (Behling et al., 2004; Silva and Anand, 2011; Jeske-Pieruschka et al., 2013; Scherer and
Lorscheitter, 2014). The future projections based on Worldclim and CHELSA data differ markedly,
however (fig. 2, table S1). Although both predict a total loss of the most climatically suitable habitat
by 2070 (99.9%-100.0% losses of habitat with pocc 275% under CHELSA, 100.0% under Worldclim),
Worldclim also predicts significant losses in all but the least suitable (pocc 0-25%) habitat, which rises
to make up 87.2%-91.0% of the study area. The few areas of moderate suitability (pocc 50-75%) are
found in the south-east and centre of the highland plateau, with some further marginal areas (pocc
25-50%) in the far north-east of our study area. CHELSA, by contrast, predicts 98.5%-100.0% losses
in the least suitable habitat, with marginal and intermediate habitat rising to make up 99.5%-
100.0% of the study area. Much of this increase is in presently unsuitable areas in the south-western
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part of the highlands, the southern edge of the study area where the plateau falls away, and the
coastal strip east of the plateau’s escarpment; Araucaria’s present core areas become less suitable.

Worldclim
2061-2080 RCP4.5

s

100%

2 8" &
5, . oy b
S

75%

53 -52 51 -50 49
CHELSA
2061-2080 RCP4.5

2061-2080 RCP8.5

50% Poce

53 52 51 50 49 53 -52 51 -50 49 53 52 51 50 49
CHELSA+

2061-2080 RCP4.5 2061-2080 RCP8.5

25%

—L 0%

Figure 2: Ensemble predictions of habitat suitability for Araucaria using Worldclim (top), CHELSA (centre) and
CHELSA+ (bottom) at present (left) and in 2070 under the RCP4.5 (centre) and RCP8.5 (right) scenarios.

CHELSA climate-only models predict 99.9%-100.0% loss of presently highly suitable habitat (poc
>75%) in the future, but the incorporation of fine-scale topographic variables leads CHELSA+ to
predict some persistence across the high elevation areas in the central and south-eastern areas of
the plateau, much of it along river valleys (table Sz, fig. 2). And although CHELSA+ still projects
85.3%-93.2% losses of this habitat class (table S1), it does identify 4,948 km? of potential
microrefugia, as well as 24% more moderately resilient habitat (defined as pocc 250% in all
scenarios) than predicted by CHELSA alone (table 2). However, the impact of 20™"-Century land use
change can be seen, with 37.4% of potential microrefugia having lost their natural vegetation cover,
rising to 82.4% of all moderately resilient habitat (table 2, fig. 3). These losses are particularly acute
in forest remnants, which make up only 6.7% (333 km?) of all Araucaria’s potential microrefugia. This
represents a climate-caused reduction of 96.5% from the 9,577 km? of forest where Araucaria is
presently 275% likely to occur.
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The majority of the most resilient habitat is predicted to occur in Campos. These naturally non-
forested areas make up more than half of all potential microrefugia and 89.3% of those which have
retained their natural vegetation, although CHELSA+ predicts that 71.6% of the presently most
suitable Campos will be lost in future. The analysis of patches containing significant microrefugial
areas shows that 679 patches of Campos, totalling 7,089 km? and covering on average 10.4 km?
each, have 25% of their area covered by potential microrefugia or contain =100 microrefugial cells.
By contrast, the 4,801 km? of forest patches which meet these criteria are found in 1,967 separate
forest fragments, averaging only 2.4 km? per patch —a number which falls to 1.4 km? when
excluding an outlier patch covering 41% of the total area (despite containing only 6.7 km? of
microrefugia).

Area (km?) Worldclim |CHELSA |CHELSA+
Microrefugia (pocc 275% at Total area ) ) 4,948.2
present and in both future

. In remnant forest o] o] 332.5

scenarios)

In naturally non-forested area |o o 2,763.7
Moderately resilient (pocc 250% Total area 575.7 92,212.8 |11,4416.4
at present and in both future
scenarios) In remnant forest 250.1 13,561.9 [11,438.3

In naturally non-forested area [166.1 7,344.5 |8,704.1

Table 2: Area of microrefugia and moderately resilient habitat predicted by each ensemble model.
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Figure 3: Map showing the loss of Araucaria’s climatically resilient areas (from CHELSA+ ensemble model) to
habitat change. Darker/redder areas are more climatically resilient, from light grey/yellow (pocc 50%-75% in all
three scenarios) to black/red (potential microrefugia, pocc 275% in all scenarios). Areas in greyscale have lost their
natural vegetation cover; those in yellow, orange and red have retained it.

The great majority of microrefugia, and the habitat patches they reside within, are located outside
existing conservation infrastructure (fig. 4). Of all Araucaria’s microrefugia which still have natural
vegetation cover, only 2.5% are in any protected area, with a higher proportion of microrefugia in
remnant forest represented (5.6%, 18.6 km?) than those in Campos (2.2%, 59.5 km?). Two national
parks (Aparados da Serra and Sdo Joaquim) contain 83.3% of all the protected Campos microrefugia
and the two largest areas of highly resilient forest (6.7 km? and 4.0 km?, respectively). Nine other
protected areas average 0.9 km? of forest microrefugia each, and four of these hold the remaining
9.9 km? of protected Campos microrefugia. And although natural vegetation patches holding
significant microrefugial components are found in fifteen protected areas (with six more, far from
microrefugial cells, in the east of the outlier forest fragment discussed above), half (50.8%) of the
total protected area is concentrated in Sdo Joaquim National Park, which holds 162.4 km? of forest
patches containing microrefugia and 148.3 km? of similar patches in Campos.
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Figure 4: Map showing microrefugial cells in remnant vegetation (forest in dark green, Campos in orange),
patches of remnant vegetation containing =100 microrefugial cells or which have =5% of their area covered by
microrefugia (forest in pale green, Campos in buff), protected areas and designated Terras Indigenas.

4. Discussion

Our results clearly show the disruptive effect that 21%*-Century climate change will have on
Araucaria’s already precarious position in southern Brazil, with both Worldclim and CHELSA
climate-only models showing that, by 2070 and under both emissions scenarios, there will be
nowhere in the region where Araucaria’s probability of occurrence is 275%. The differences between
the projections of the Worldclim and CHELSA models are primarily due to differences between the
datasets’ predictions of future climates (fig. S3). Worldclim forecasts several degrees of warming at
the coldest times of year, making the environment generally less favourable for Araucaria, whereas
CHELSA's predictions paint a more complicated picture in which higher isothermality with colder
minima than at present favour Araucaria, offset by increasingly seasonal precipitation and drier
driest seasons (fig. S4). The greater increases in isothermality and dry quarter precipitation in
CHELSA's RCP8.5 scenario, and its lower values for coldest temperatures and precipitation

seasonality, explain Araucaria’s slightly more favourable response under this more pessimistic
emissions scenario. Worldclim’s projections are based on interpolated weather station records

(Hijmans et al., 2005), whereas CHELSA's are based on an orographically-informed statistical
downscaling of the ERA-Interim climate reanalysis (Karger et al., 2017a). Worldclim is known to
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perform relatively poorly, particularly when predicting precipitation, in data-sparse and
topographically complex environments, where CHELSA's predictions are more accurate (Hijmans et
al., 2005; Soria-Auza et al., 2010; Deblauwe et al., 2016; Karger et al., 2017a).

Exactly how Araucaria responds to the predicted climatic changes will depend largely on how it is
affected by suboptimal conditions, which are predicted to prevail by the models built on the more
accurate CHELSA data. The resilience of Araucaria populations will depend on how these conditions
affect recruitment (Araucaria trees are most vulnerable as seedlings (Paludo, Mantovani and Reis,
2011; Paludo et al., 2016), when their preferred climatic conditions may differ from those around the
adults used to build our models) and adult mortality (presently, portions of populations can survive
for centuries even when suffering regeneration failure; Paludo et al., 2016). If Araucaria is relatively
resilient to these changes its range could theoretically expand, although the intense fragmentation
of the seasonally deciduous forests in the west of our study area (fig. 1) severely limits dispersal in
that direction, and Araucaria may be prevented from moving eastward by competitive exclusion
from incumbent taxa in the dense coastal lowland forests (Duarte, Dillenburg and Rosa, 2002).

Given the uncertainties around Araucaria’s responses to suboptimal conditions, the conservation of
microrefugia — where Araucaria has and will retain a high probability of occurring —is essential. That
more than a third of potential microrefugial area has already suffered habitat loss highlights the
importance of safeguarding remaining natural vegetation from further damage. It also suggests
that promoting Araucaria’s conservation outside areas of natural vegetation could be a
complementary goal. This could take the form of reforestation in resilient areas (though whether
other key MOF species would have similar preferred areas in the future is uncertain), or the good
stewardship of semi-natural landscapes in these areas. Some such areas, traditionally managed for
cattle or non-timber forest products, can conserve Araucaria’s genetic diversity as effectively as
protected areas while also providing economic incentives to retain the trees (Medina-Macedo et al,,
2016; dos Reis et al., 2018; Zechini et al., 2018), so their inclusion in conservation planning is likely to
improve Araucaria’s climate resilience. However, the legal restrictions on felling mature Araucaria
trees (and on land use changes in areas containing them) have led some land owners to actively
prevent Araucaria’s natural regeneration by removing its seedlings from their properties (Vibrans et
al., 2011; Mello and Peroni, 2015; Adan et al., 2016); addressing this issue is critical in order for
private lands to contribute effectively to the species’ long-term conservation.

Our results show that most of Araucaria’s microrefugia still found in natural vegetation are in
Campos (highland areas classed as ‘naturally non-forested’ in the SOS Mata Atlantica data). These
areas are not only predicted to be more climatically stable than forest areas but are also more
intact, with microrefugia spread out over fewer, larger patches. Part of the fragmentation of
resilient forest is due to 20™-Century habitat loss, but it is also reflective of the natural vegetation
mosaic at the high elevations where potential microrefugia are found. Here, where MOF and
Campos meet, trees are restricted to small patches and gallery forests embedded within the more
extensive grassland matrix; many of the areas classified as natural non-forest in our study also
contain additional woodland islands too small to be classified as forest in the SOS Mata Atlantica
vegetation map (i.e. <3 ha; Fundagao SOS Mata Atlantica and Instituto Nacional de Pesquisas
Espaciais - INPE, 2015). The conservation of Araucaria in this context raises potential conflicts of
priorities. Campos have significant biodiversity and conservation importance in their own right
(Overbeck et al., 2007; Iganci et al., 2011), so human intervention to accelerate the slow natural
expansion of MOF patches over the surrounding grasslands (Silva and Anand, 2011; Miller et al.,
2012), as the southern Jé are hypothesised to have done around 1,000 years ago (Bitencourt and
Krauspenhar, 2006; Robinson et al., 2018), may not be desirable. Ecotones between the grassland
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matrix and embedded MOF areas are maintained by anthropogenic fire and cattle grazing, to which
forest species like Araucaria are more susceptible (Oliveira and Pillar, 2005; Jeske-Pieruschka et al.,
2010; MUller et al., 2012), so a delicate management balance is needed to conserve the Campos
habitat itself, the MOF islands and gallery forests within it, and the dynamics between these
ecosystems.

However, Campos are among Brazil’s most underprotected ecosystems (Overbeck et al., 2007), and
an accordingly small proportion (2.5%) of all Araucaria’s microrefugia are in any protected area.
None occur within existing Terras Indigenas, something that may have significant cultural impacts
on the groups to whom Araucaria has long been important (cf. Bond et al., 2019). In response to this
challenge, it is essential that existing protected areas are effectively managed and safeguarded,
that Araucaria is promoted and conserved on private land outside protected areas, and that new
protections are considered for areas likely to play a major role in securing Araucaria’s resilience to
21%-Century climate change.

Brazil's Araucaria is far from the only tree species threatened by historic deforestation and future
climate change, and applying the multifaceted approach used in this study could improve the
realism and effectiveness of distribution models used to guide their conservation. By employing
sophisticated CHELSA data alongside Worldclim, we increase our confidence in the predictions of
Araucaria’s responses — a step which can be applied to other topographically complex regions with
sparse climate data where the interpolated climate surfaces of Worldclim may be less appropriate
(Hijmans et al., 2005; Soria-Auza et al., 2010; Deblauwe et al., 2016; Karger et al., 2017a). Similarly,
the inclusion of topographic variables in our species distribution models (cf. Stanton et al., 2012)
allows potential microrefugia to be identified at high resolution without prior microclimatic
research having taken place (cf. Ashcroft and Gollan, 2012; Slavich et al., 2014). Our use of
remotely-sensed vegetation maps to analyse the interacting impacts of climate change and habitat
loss on Araucaria is a further step which can be applied in the study of other species threatened by
these two key drivers of global biodiversity decline.

Fine-scale species distribution models are known to predict patchier distributions and improved
persistence compared to those conducted at coarser resolutions (Storlie et al., 2013; Meineri and
Hylander, 2017), an effect also found in this study. The concept of microrefugia is one with origins in
palaeoecology (Petit, Hu and Dick, 2008; Rull, 2009; Dobrowski, 2011; Bemmels, Knowles and Dick,
2019) but which is increasingly recognised as highly relevant for conservation ecology (Ashcroft,
2010; McLaughlin and Zavaleta, 2012; Hannah et al., 2014; Suggitt et al., 2018). Our finding that
some areas among the grasslands on southern Brazil's highlands are likely to shelter microrefugia
for Araucaria echoes the species’ past ecology: previous relatively rapid expansions of forest on the
plateau are thought to have been facilitated by the expansion and persistence of gallery forests
through the late Pleistocene and Holocene (Behling et al., 2004; Costa et al., 2017). Whether the
patches of microrefugial vegetation we have identified in this study will similarly persist and act as
sources of future forest expansion is far from certain, however, as our findings show that significant
portions of this resilient habitat have either already been lost or currently lie outside formal
protected areas. And, with the next century’s climate likely to be highly novel compared to the
present and recent past (Fischer et al., 2018; Fitzpatrick et al., 2018), an improved understanding of
Araucaria’s spatial dynamics throughout the Quaternary may be essential for truly long-term
conservation planning.

Araucaria’s long evolutionary history, its past and present cultural and economic significance, and
its Critically Endangered status combine to make such planning an urgent task. Deforestation
between 1870 and 1970 left less than 3% of Araucaria's former forest habitat standing by the late
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20" Century (Thomas, 2013). Here we have shown that climate change is likely to repeat these
losses within this century: of the 9,577 km? of forest fragments in our study region where Araucaria
currently has 275% probability of occurring, only 3.5% will remain similarly suitable by 2070.
However, by highlighting the areas whose climatic and topographic conditions give Araucaria the
best chance of persisting, we hope to encourage the critical conservation measures needed for this
iconic tree to see another century on the highlands.
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Preface to Chapter 2: A quantitative
study of modern pollen—vegetation
relationships in southern Brazil's
Araucaria Forest

Publication status

This paper has been published in Review of Palaeobotany and Palynology (2019, vol. 265, p. 27-40,
doi: 10.1016/j.revpalbo.2019.03.003).

Overview

This paper marks the point where the research in this thesis pivots away from the present and
future alone, and begins to incorporate the past. Using modern vegetation surveys and pollen rain
from moss polsters, it establishes the relationships between Araucaria Forest taxa and their likely
representation in fossil pollen records. This information lays important foundations for the chapters
which follow, both of which rely on integrating species-level modelling data with palaeoecological
proxy evidence; this chapter’s research helps clarify the potentially skewed ways in which the
former is represented in the latter. Additionally, by evaluating the extent to which compositional
and structural changes in the forest can be seen in pollen records, this paper’s findings are an
important prerequisite to Chapter 4's efforts to identify evidence of pre-colonial Indigenous land
use in Araucaria Forests using that very same proxy.

Contribution to the research

This paper is an addition to the three main chapters in this thesis. It was conceived and designed by
a post-doctoral researcher in the research group, but is included here as it is relevant to my wider
thesis and | made a substantial contribution to the study. When | was invited to join this paper as a
co-author, an initial data analysis and draft were available; | was not involved in any of the
vegetation data collection, processing or counting of pollen, and some decisions on the paper’s
framing and analytical approach had already been taken. However, | realised that the initial analysis
did not support some arguments in the draft, so completely reanalysed the data (including applying
some new approaches), wrote a new draft which reflected the updated findings, and led the rest of
the authoring process. My contribution to this paper is estimated to be 40%. The published author
contribution statement is below:

MLC and FEM conceived the study; MLC collected moss polsters; MLC and LAS collected
vegetation survey data; MLC performed pollen analysis and counting; MLC and OJW analysed the
data and interpreted the results; OJW, MLC and FEM drafted the manuscript; all authors
commented on the manuscript before submission.
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Abstract

Southern Brazil’s highland Araucaria Forest is ancient, diverse and unique, but its future is under
significant threat from 20'™-Century habitat loss and 21%-Century climate change. Palaeoecological
studies have revealed that it expanded rapidly over highland grasslands around 1,000 years ago, but
whether this expansion was caused by human land use or climate change has been a topic of
considerable debate. Discriminating between these potential drivers has so far not been possible
with fossil pollen, however, as the palynological representation of floristic and structural differences
in Araucaria Forest remains poorly understood. Here, we address this shortcoming using modern
pollen rain from moss polsters and vegetation surveys in forest areas with minimal current human
disturbance. We show that forest plots with evident structural differences lack consistent
differences in their floristic composition and cannot be reliably distinguished by their pollen spectra.
We quantify pollen-vegetation relationships for 27 key tree genera of Araucaria Forest, showing
that, despite significant intra-taxon variability, 22 of these are under-represented or absent in the
pollen record. These palynologically under-represented and silent taxa include many of the forest’s
most ecologically important tree species, with only Araucaria, Lamanonia, Podocarpus, Myrsine and
Clethra being more abundant in the pollen rain than vegetation. Our results suggest that subtle
structural changes in Araucaria Forest, as well as moderate to significant floristic changes, may not
be clearly distinguished in fossil pollen records — an important limitation when attempting to
identify past human and climatic impacts on Araucaria Forest via pollen analysis.

1. Introduction

1.1. Rationale

Disentangling the past effects of humans and climate on ecosystems requires a rigorous
understanding of the vegetation changes that occurred, and how these are reflected in
palaeoecological proxies. This is an important undertaking in Brazil's Araucaria Forest (also known
as Mixed Ombrophilous Forest), an ancient, highly diverse and threatened ecosystem in the
country’s southern highlands. Studies have charted changes in the distribution of Araucaria Forest
in relation to climatic variations since the late Pleistocene (Behling et al., 2004; Ledru, Mourguiart
and Riccomini, 2009), many finding rapid increases in its pollen abundance about 1,000 years ago
which, in some sites, reached levels unprecedented for tens of thousands of years (Behling et al.,
2004; Gu et al., 2017). This marked expansion ca. 1000 years ago was much more drastic than the
steady expansion of Araucaria Forest over the previous few millennia, and has been attributed by
some authors to ancient human land use, rather than climate change, due to the coincident
expansion of the local southern proto-Jé culture (Noelli, 2000; Bitencourt and Krauspenhar, 2006;
dos Reis, Ladio and Peroni, 2014; Lauterjung et al., 2018; Robinson et al., 2018), whose economy,
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spiritual beliefs and living space were closely linked to the forest (Iriarte and Behling, 2007; de
Souza, Corteletti, et al., 2016; Iriarte et al., 2016).

Understanding the extent to which Araucaria Forest's late-Holocene expansion can be attributed to
humans versus climate change will improve our understanding of the ecosystem'’s responses to
prevailing climatic conditions —a particularly important endeavour in the face of continuing
anthropogenic climate change. With regional temperatures forecast to become warmer, and
precipitation more variable, as this century progresses (Chou et al., 2014), the cold- and humidity-
dependent Araucaria Forest is likely to contract (Wrege et al., 2009; Bergamin, 2017).
Understanding how this iconic forest responded to past variations in climate —and how humans
may have altered this response — may help conservationists anticipate and ameliorate the effects of
modern climatic changes upon its distribution. This is especially important as Araucaria Forest cover
was much reduced by the 20™-Century logging boom in the states of Parand, Santa Catarina and
Rio Grande do Sul (de Carvalho and Nodari, 2010), with remnants now covering just 12.6% of the
biogeographic region it previously dominated (Ribeiro et al., 2009).

The main proxy used for reconstructing past dynamics of vegetation on the southern Brazilian
highlands is fossil pollen from lake/bog sediments, the informed and accurate interpretation of
which requires appropriate characterisation and quantification of modern pollen-vegetation
relationships. This is currently poor for Brazil’s Araucaria Forest. Existing pollen-vegetation studies
(Behling, Bauermann and Neves, 2001; Garcia et al., 2004; Jeske-Pieruschka et al., 2010) are purely
qualitative, identifying Araucaria Forest's key indicator taxa but giving little insight into the degree
to which the floristic composition or structure of these forests can be resolved palynologically. In
this study, we address this shortcoming, presenting the first quantitative examination of the
modern pollen-vegetation relationship of Araucaria Forest and its constituent taxa.

1.2. Background

Araucaria Forest is found at the southern and south-eastern reaches of the Atlantic Forest biome, a
global biodiversity hotspot (Myers et al., 2000; Colombo and Joly, 2010). It occupies the biome’s
high-altitude and low-temperature extreme niches (Oliveira-Filho et al., 2014; Neves et al., 2017),
mostly occuring above 500 m altitude (Hueck, 1953; Lacerda, 2016) in areas with high annual rainfall
and climatic conditions classified as Cfb — humid subtropical oceanic climate, with temperate
summers and no dry season (Alvares et al., 2013) — under the K&ppen-Geiger system (Hueck, 1953;
Higuchi et al., 2012). At more southerly latitudes in Brazil, some apparently natural stands of
Araucaria Forest can also be found at elevations below 5oo m (Behling et al., 2016).

Araucaria Forest is home to over 1,500 species of plants, 6% of which are endemic to the Atlantic
Forest biome (Neves et al., 2017), and is characterised by the dominance of the conifer Araucaria
angustifolia in its canopy (Leite and Klein, 1990; Meyer et al., 2013; Duarte et al., 2014). This species
has the third highest EDGE score (a metric which combines evolutionary distinctiveness and global
endangerment) of all the world’s gymnosperms (Forest et al., 2018), imperilled by logging and
habitat loss which started in the late 19" Century and reduced the forests’ area by 97% within three
generations (de Carvalho and Nodari, 2010; Thomas, 2013). Other important arboreal species
include Dicksonia sellowiana, Podocarpus sellowiana, Matayba elaeagnoides, Lithraea brasiliensis,
Clethra scabra, Ocotea porosa, and Prunus myrtifolia (Meyer et al., 2013; Duarte et al., 2014).

Araucaria Forest is not floristically homogenous, however. Early studies differentiated eight types
of Araucaria Forest (Klein, 1978), and the ecosystem’s mixture of tropical and temperate elements
varies with longitude, altitude, temperature, river basin, and distance to other forest types (Klein,
1975; Higuchi et al., 2012; Duarte et al., 2014; Gongalves and Souza, 2014; Oliveira-Filho et al., 2014;
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Sevegnani et al., 2016). At higher altitudes, under drier conditions and in areas of high fire
frequencies and shallower soils, Araucaria Forest forms mosaics with Campos grasslands (Hueck,
1966; MUller et al., 2012; Oliveira-Filho et al., 2014), with other ecotones occurring with seasonally
deciduous and dense ombrophilous forests at its western and eastern extents, respectively
(Gongalves and Souza, 2014; Oliveira-Filho et al., 2014).

Fossil pollen records from the eastern edge of southern Brazil's highland plateau show that the area
was dominated by Campos at the Last Glacial Maximum, with Araucaria Forest likely confined to
river valleys (Behling, 2002; Behling et al., 2004; Leonhardt and Lorscheitter, 2010). These forests
subsequently expanded slightly 4,000-3,000 years ago, and then rapidly 1,500-900 years ago
(Behling, 1995, 1997b; Behling et al., 2004; Iriarte and Behling, 2007; Leonhardt and Lorscheitter,
2010; Silva and Anand, 2011; Jeske-Pieruschka and Behling, 2012), in some places replacing
grasslands within a century (Behling et al., 2004; Iriarte and Behling, 2007).

These changes have typically been attributed to climate change (Rodrigues, Behling and Giesecke,
2016b). However, recent speleothem data (Bernal et al., 2016) show that, although the initial
Araucaria Forest expansion at 4,000 yr BP does correlate with an increase in rainfall, no subsequent
climate change accompanies the later, more significant forest expansion at 1,500-900 yr BP
(Robinson et al., 2018). This has led several authors to invoke humans as the most likely cause for
this most recent, rapid expansion of Araucaria Forest (Noelli, 2000; Bitencourt and Krauspenhar,
2006; Iriarte and Behling, 2007; dos Reis, Ladio and Peroni, 2014), bolstered by evidence that, under
natural conditions, expansion of forest patches into Campos grassland can be extremely slow (less
than 100 min 4,000 years (Silva and Anand, 2011)).

Before European arrival, the Indigenous people of the highlands, the southern J§, had lifestyles that
were at least semi-sedentary and practised a mixed economy that combined the cultivation of
manioc (Manihot esculenta), maize (Zea mays), squash (Cucurbita sp.) and beans (Phaseolus sp.)
with hunting, fishing, and gathering forest and riverine resources (Métraux, 1946; Henry, 1964;
Corteletti et al., 2015; de Souza, Robinson, et al., 2016; Noelli and De Souza, 2017). Araucaria
angustifolia seeds, known as pinhdo, have long been a critical food source for the southern Jé
(Métraux, 1946; Henry, 1964; Urban, 1985; Heineberg, 2014; Corteletti et al., 2015; Loponte et al.,
2016), with one group traditionally defining a year as “one period with no pine nuts” (Henry, 1964,
p. 68). Ethnographic studies of extant southern Jé groups have also highlighted the importance of
Araucaria Forest —and A. angustifolia in particular — as a source of spiritual power and cultural
identity (Haverroth, 1997; Silva, 2002; Hoffmann, 2011; Fernandes and Piovezana, 2015; Robinson
etal., 2017).

Archaeological records show that the southern Jé flourished around 1,000 years ago (Iriarte et al.,
2013, 2016; Noelli and De Souza, 2017; Robinson et al., 2018), as changes in domestic architecture
appeared (de Souza, Robinson, et al., 2016), combining with the arrival of funerary mound-and-
enclosure complexes (de Souza, Corteletti, et al., 2016; Iriarte et al., 2016) to form highly structured
‘sacred landscapes’ (Iriarte et al., 2013) in the highlands. The temporal overlap of these changes with
the most recent Araucaria Forest expansion suggests that more available forest resources likely
helped underpin the cultural changes (Iriarte and Behling, 2007), and there is some evidence that
the southern Jé may in turn have helped expand the forest (dos Reis, Ladio and Peroni, 2014;
Lauterjung et al., 2018; Robinson et al., 2018), though this has not yet been tested with fossil pollen
data.
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1.3. Aims

Quantitative studies of the relationships between present-day Araucaria Forest and its constituent
pollen assemblages are needed to improve the level of ecological detail that can be extracted from
fossil pollen records, and thereby obtain a firmer basis for unravelling the relative roles of climate
change versus human land use in driving this threatened forest’s long-term dynamics over the past
several millennia. We therefore conducted a study to quantitatively define the vegetation-pollen
relationships of Araucaria Forest taxa. Specifically, we analysed floristic inventories from vegetation
plots, and collected their constituent pollen assemblages from moss polsters, to determine: 1.
whether structurally different Araucaria Forest patches can be differentiated by their pollen spectra,
and 2. how the constituent species of these patches are represented in the modern pollen rain.

2. Methods

2.1. Study site

The Reserva Particular do Patrimonio Natural (RPPN) Emilio Einsfeld Filho (27°58'0.80"S,
50°49'20.03"W, 650-990 m a.s.l.), managed by the Florestal Gateados company, is located in the
municipalities of Campo Belo do Sul and Capao Alto, southern Santa Catarina State, Brazil (fig. 1).
RPPN Emilio Einsfeld Filho is located on the plateau of the Serra Catarinense, a gently undulating
landscape. The reserve covers 6,329 hectares of native Araucaria Forest patches within a wider
matrix of Campos grassland, with the largest density of forest along rivers, valleys and slopes.
Forested areas have been protected from timber extraction since 1989 and cattle grazing since 1993
(Zeller, 2010).

The climate of the area corresponds to Cfb in the Kdppen-Geiger classification: humid subtropical
with temperate summers and no dry season, but with occurrence of severe frosts (Formento et al.,
2004; Zeller, 2010; Alvares et al., 2013). Between 2005 and 2009 the reserve’s average annual
temperature was 16°C, with hottest months averaging 31°C, coldest months averaging 6.5°Cand a
lowest recorded temperature of -12°C; in this period annual precipitation varied between 1300 and
2400 mm, with an average of 129 rainy days a year (Zeller, 2010).
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Figure 1: Map of forest plot locations; numbers refer to plot codes (see Table 1 below). Plot colours: Cyan: riverine;
Olive: slope; Black: rock outcrop; Purple: open understorey; Orange: closed understorey; Red: disturbed.

2.2 Field sampling

2.2.1 Vegetation survey

The native Araucaria Forest at RPPN Emilio Einsfeld Filho has been subject to ecological studies for
the last 20 years, with permanent plots of 10 x 5o m installed to perform floristic inventories and
study forest dynamics under distinct geographic conditions. Within each plot all trees with d.b.h.
(diameter at breast height) = 10 cm have been recorded (Formento et al., 2004; Maganeiro et al.,
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2018). Percentage abundances were calculated based upon all recorded stems surveyed within each

plot.

The sixteen plots used in this study are located within the oldest and least disturbed areas of forest
and incorporate the widest available range of vegetation form and physical setting (Table 1). Data
on canopy openness, slope, animal disturbance, geographical feature associations and topographic
position were collected during botanical surveys in 2015, and the plots classified into six structural

categories according to their dominant feature:

slope: forest patches in areas with > 25% inclination

rock outcrop: forest patches where rock outcrops cover > 20% of plot surface

riverine: forest patch bounded by, or entirely within 5o m of, a water course (river or creek)

open understorey: forest with closed canopy and scarce understorey
closed understorey: forest with closed canopy and dense understorey
naturally disturbed: forest patches with evidence of ground disturbance by wild boars

Forest Plot Altitude
PlotID | category Coordinates (a.s.l.)
28°2'34.70"S,
114 Slope 50°45'21.40"W 780 m
28°3'28.80"S,
118 Slope 50°45'45.80"W 924 m
28°3'0.10"S,
117 Rock outcrop | 50°45'16.50"W 856 m
28°1'17.30"S,
110 Riverine 50°46'55.50"W 721m
28°1'55.50"S,
136 Riverine 50°45'59.00"W 740 m
28°3'22.50"S,
151 Riverine 50°45'29.60"W 874 m
Open 28°3'16.80"S,
119 understorey | 50°45'51.70"W 929 m
Open 28°2'59.00"S,
122 understorey | 50°46'28.10"W 921m
Open 28°3'4.10"S,
123 understorey | 50°46'11.60"W 935 m
Open 28°3'42.60"S,
142 understorey 50°46'26.60"W 922m
Open 28°3'24.30"S,
144 understorey | 50°46'21.50"W 953 M
156 Disturbed 85om
28°4'29.00"S,
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50°46'22.10"W
28° 4'11.80"S,

157 Disturbed 50°46'20.90"W 851m
28° 4'21.60"S,

159 Disturbed 50°45'53.60"W 868 m
Closed 28°3'40.70"S,

141 understorey | 50°46'14.90"W 931 m
Closed 28°3'53.50"S,

149 understorey | 50°45'39.20"W 891 m

Table 1: The studied forest plots, their structural category, and the location and altitude of each transect’s
starting point.

2.2.2 Modern pollen rain

Using moss polsters to study modern pollen rain has been widely used and recognized as a reliable
technique (Hicks, 1977; Caseldine, 1989; Tonkov et al., 2001; Pardoe, 2006; Atanassova, 2007;
Lopez-Saez et al., 2010; Pardoe et al., 2010). Moss polsters can collect several years’ pollen (Pardoe
et al., 2010), occur naturally within the forest on different substrates and at varied heights (allowing
for effective capture of pollen rain) and do not need to be installed and managed before analysis
(Hicks, 1985). Moss polsters were gathered every 10 m along the 5o m length of each forest
inventory plot surveyed. At each collection point, polsters were obtained from ground level
(including rocks), chest height (1.20 m) and overhead (1.80 m). The samples for each point of
collection were mixed to form one homogeneous sample for each plot (following Pardoe et al.,
2010), placed in a labelled, sealed plastic bag, and stored at 4°C to preserve the material.

2.3. Laboratory methods

Subsamples of 1 cm3 were extracted from each homogenised sample for pollen processing. Each
subsample was centrifuged, washed with distilled water, centrifuged again, then treated with 10%
NaOH and put in a hot-water bath to deflocculate the organics. Afterwards, acetolysis was carried
out in the samples to dissolve cellulose material (Faegri and Iversen, 1989).

Samples were mounted on slides in silicone oil and counted at 400x and 1000x magnification using
a Leica DME binocular microscope. Samples were counted to a minimum of 300 terrestrial pollen
grains. Aquatic taxa and spores were also counted as is standard practice, but were excluded from
the total terrestrial pollen (TTP) sum; non-native species (e.g. pine from recent plantations
surrounding the reserve) were also excluded from the TTP sum. For pollen determination, the
reference collection of the Tropical Palaeoecology Research Group of the University of Reading was
used, along with several pollen atlases — Colinvaux et al. (1999), Hooghiemstra (1984), Roubik and
Moreno (1991), Behling (1993) — and the online Neotropical Pollen Key (Bush and Weng, 2007).
Diagrams of vegetation and pollen abundance were made using C2 v.1.7.7 (Juggins, 2016).

2.4. Data analysis

2.4.1 Vegetation data processing

Analysis of each plot’s floristic inventory data used percentage abundance (relative to the total
number of individual trees counted) and relative coverage value (RCV). RCV, expressed as a
percentage, indicates the importance of a species within a forest plot, and is calculated as the
average of its relative density (the percentage of all individuals in a plot which belong to that

103



species) and relative dominance (the percentage contribution from individuals of that species to a
plot’s total basal area).

2.4.2 Statistical analysis of vegetation and pollen data

To investigate the extent to which structural differences between plots are reflected in their
vegetation composition and pollen rain, we conducted cluster and Detrended Correspondence
Analysis (DCA) multivariate analyses using PAST (Hammer, Harper and Ryan, 2001) v.3.19 (2018).
Raw floristic inventory and pollen data were normalised using natural logarithm before running the
analyses. Only taxa with abundance = 2% in two or more plots were considered for cluster and
multivariate analysis.

Cluster analysis was run with hierarchical clustering using the Unweighted Pair Group Method
(UPGM) algorithm, which iteratively joins clusters based on the average distance between all
members of the groups (Kent and Coker, 1992; Legendre et al., 2012). The measure of similarity or
distance measurements between samples (forest plots) was calculated using Bray-Curtis index of
dissimilarity (Kent and Coker, 1992). The DCA uses the same algorithm as Decorana (Hill and
Gauch, 1980), with modifications according to Oksanen and Minchin (1997). The DCA method was
preferred as it allows the identification of the ecological variances amongst the forest plots (Correa-
Metrio et al., 2014).

To enable direct comparisons between taxa in the vegetation and pollen rain, which were mostly
identified at different taxonomic levels, the vegetation-pollen analysis was performed at genus
level, with congeneric species combined for the analysis (Burn, Mayle and Killeen, 2010).

To quantify the vegetation-pollen relationships of taxa in this study area, we calculated mean p/v
(pollen/vegetation) values (Gosling et al., 2009; Burn, Mayle and Killeen, 2010; Montade et al.,
2016), which are analogous to R values (Davis, 1963). We calculate the p/v value for taxon i as:

Pollen abundance (%) averaged over all plots ;

v; = -
p/vi Vegetation abundance (%) averaged over all plots ;
Although more complex measures of pollen production exist (e.g. Parsons and Prentice, 1981;
Sugita, 20073, 2007b), p/v values provide a straightforward and intuitive index of the relationship
between vegetation and pollen abundance and continue to be foundational for vegetation
reconstruction (Mrotzek et al., 2017).

To complement this metric and show the variability in pollen-vegetation relationships between
plots, we also calculated a pollen-vegetation abundance differential for taxon i:

Abundance dif ferential; = Pollen abundance (%); — Vegetation abundance (%);

Plots where a taxon was absent from both the pollen rain and vegetation survey were not included
in calculations of mean differentials. p/v values and abundance differentials could not be calculated
for herbaceous taxa as these were not included in the vegetation survey. Data were plotted using R
v.3.4.2 (R Core Team, 2020) and PAST (Hammer, Harper and Ryan, 2001) v.3.19 (2018).

3. Results

3.1. Vegetation

Across the 16 forest plots, 54 tree species with d.b.h. =10 cm were recorded, of which 33 had
relative abundances of 2% or higher in at least two plots; the relative (percentage) abundance of
these species within each plot is shown in fig. 2. The most consistently present species were
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Lithraea brasiliensis (15 plots), Cinnamodendron dinisii (13 plots), Myrsine coriacea, Ocotea pulchella
and Araucaria angustifolia (12 plots), undifferentiated Eugenia sp. (11 plots), and Calyptranthes cf.
concinna, llex theezans, Pera glabrata, Podocarpus lambertii and Zanthoxylum kleinii (10 plots).

The taxa with the highest average abundance in the vegetation were L. brasiliensis (9.1%),
Cinnamodendron dinisii (7.7%), A. angustifolia (7.3%), undifferentiated Eugenia sp. (6.7%), O.
pulchella (5.7%), and Calyptranthes cf. concinna (5.0%). Of the common taxa, L. brasiliensis had the
highest maximum abundance (34.2%), followed by Eugenia sp. (26.4%), A. angustifolia (26.1%), E.
uniflora (25.7%) and Cinnamodendron dinisii (24.1%). Two less common species with high maximum
abundances were Matayba elaeagnoides (found in three plots, max. 35.6%) and Nectandra
megapotamica (three plots, max. 28.6%).

Generally, tree species that were more abundant also had higher relative coverage values (RCVs;
fig. 3): the taxa with the highest RCVs averaged across all plots were L. brasiliensis (10.3%), A.
angustifolia (10.0%), O. pulchella (7.8%), C. dinisii (6.12%), Styrax leprosus (5.3%) and undifferentiated
Eugenia sp. (5.2%). Some species were found in few plots, but had high RCVs where they were
present: the less frequent species with the highest RCVs averaged across the plots in which they
were found were M. elaeagnoides (15.6%, four plots), Luehea divaricata (9.2%, three plots), N.
megapotamica (9.0%, three plots), Vernonanthura discolor (7.4%, five plots), Sebastiania
commersoniana (7.0%, six plots), Prunus myrtifolia (5.7%, six plots), Piptocarpha angustifolia (5.2%,
two plots), Myrceugenia sp. (5.1%, five plots) and Myrsine umbellata (5.0%, two plots).

3.2. Pollen

170 pollen and spore types were found in the 16 forest plots. Of these, 118 could be identified to
family level, 95 of which could be refined to genus, one to species (/lex theezans). We also assign
species names to Araucaria angustifolia and Podocarpus lambertii because no other species of these
genera occur in our study area. The plots’ pollen spectra are summarised in fig. 4, where abundant
and important taxa are shown.

Eight pollen types were found in all 16 plots: A. angustifolia, Asteraceae (others total), Eugenia type,
‘cf. Lithraea a (Anacardiaceae)’, Myrsine, Poaceae, P. lambertii, and Pteridophyta. Additionally,
Araceae pollen was found in 15 plots, and Lithraea, Vernonanthura-type and Calyptranthes-type in
14; Sebastiania and undifferentiated Myrtaceae pollen was found in 12 plots, and Clethra, I. theezans
and Pteris each in 10 plots. Additionally, Alchornea pollen and Cyathea-type spores were found at
very low levels (average abundance 0.27% and 0.2% respectively) in 11 plots, with Senecio-type
(average 0.35%) and Mimosa scabrella-type (average 0.25%) present in 10 plots.

Myrsine pollen was the most abundant across all plots (averaging 19.5%), followed by A. angustifolia
(16.6%), Pteridophyta (13.2%), Podocarpus lambertii (7.9%) and Poaceae (5.2%). Eugenia-type, ‘cf.
Lithraea a (Anacardiaceae)’, Asteraceae (others total), Lamanonia, I. theezans, Calyptranthes-type,
Vernonanthura-type and Clethra pollen all had average abundances between 1% and 5%.
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Figure 2: Relative abundance (%) of selected tree species in the vegetation survey. Species included in the cluster analysis and DCA are indicated with an asterisk.
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Figure 4: Relative abundance (%) of selected pollen types. Taxa included in the cluster analysis and DCA are
indicated with an asterisk

3.3. Plot differentiation

33 taxa from the vegetation survey and 15 pollen types met the 2% abundance threshold for
inclusion in the plot differentiation analysis (see section 2.4.2); these are identified with asterisks in
the summary diagrams (figs. 2 and 4).

In the cluster analysis of vegetation data (fig. 5a), similarity scores range from ~0.25 to > 0.75. Two
plot groupings that are somewhat structurally consistent can be highlighted. One such cluster
contains three of the five open-understorey plots (P119, P122 and P123) with the lone slope plot
P118 (similarity score > 0.65); the other is the pairing of riverine plots P136 and P110 which, despite
having similarity scores < 0.6 relative to each other, are together highly dissimilar to all other plots.

In the DCA of vegetation data (fig. 5b), most variation is explained on axis 1 (eigenvalue 0.3781),
with values ranging from -196 (Cyathea sp.) to 365 (Nectandra megapotamica). The majority of
sample plots are clustered between o and 143 on axis 1, with the riverine plots P136 (202) and P110
(255) more distinguished. The values on axis 2 (eigenvalue 0.1268) range from -337 (Sapium
glandulosum) to 388 (Myrsine umbellata); sample plots are all clustered between o and 140 on this
axis.

In the pollen cluster analysis (fig. 5c), plots’ similarity scores range from ~o.5 to > 0.85. Two small
clusters dominated by open understorey forest plots were found: P122 and P123 (both open;
similarity > 0.7), and P144 and P119 (both open) with the rocky forest plot P117 (similarity > 0.7).
These two groupings are quite dissimilar from each other, however, and the cluster that contains
them both also contains seven non-open plots, and excludes the final open plot (P142).

In the DCA of pollen spectra (fig. 5d) axis 1 (eigenvalue 0.2454) ranges from -72 (Pteris) to 305
(Lamanonia), with 15 of the plots clustered between o and 119; P11 is located at 184. The forest
plots are less well distinguished on axis 2 (eigenvalue 0.07194), sitting between values of o and 110
on an axis that ranges from -233 (Myrtaceae others total) and 426 (Clethra total).
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Figure 5: Cluster analyses (left; a, c) and DCAs (right; b, d) of plots by vegetation (top; a, b) and pollen (bottom; c,
d) taxa found in 22 plots at 22% abundance. In the DCAs, convex hulls are delimited for structural categories
containing three or more plots. Plot types are identified by colour and two-letter code (op: open; cl: closed; ri:
riverine; di: disturbed; ro: rock; sl: slope; see Table 1).

3.4. Vegetation-pollen relationships.

We examined the vegetation-pollen relationships of 27 arboreal genera. Four of these (Myrceugenia,
Nectandra, Ocotea and Piptocarpha) were present in the vegetation but with no identifiable pollen
produced or preserved (p/v = 0), and one (Clethra) was frequent in the pollen record without being
recorded in the vegetation survey (giving it a mathematically infinite p/v value). Four other genera
had higher average abundances for pollen than vegetation (p/v > 1), and 18 were more abundant in
the vegetation than pollen (p/v < 1) — see fig. 6.

Of the taxa found in both pollen and vegetation datasets, the most over-represented genus is
Lamanonia, followed by Podocarpus, Myrsine and Araucaria. In plot P151 Lamanonia was not
recorded in the vegetation but its pollen made up 20.3% of the total; with this data point excluded
from the average calculations, Lamanonia’s p/v value is 1.25. The most under-represented genera
found in the pollen rain are Cinnamodendron, Allophylus, Prunus, Styrax, Luehea and Zanthoxylum
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(p/v < 0.05); Casearia, Matayba, Pera and Lithraea also have p/v scores < 0.1. Calyptranthes,
Campomanesia, Eugenia, Sapium, Sebastiania and Xylosma all have p/v values between 0.1 and o0.5.
The pollen type ‘cf. Lithraea a (Anacardiaceae)’ was three times more common than pollen that
could be confidently identified to the Lithraea genus; assigning these grains to Lithraea changes the
genus'’s p/v score from 0.09 t0 0.39.

Allophylus (0.02)
Araucatria (2.28)
Calyptranthes (0.32)
Campomanesia (0.48)
Casearia (0.06)
Cinnamodendron (0.01)
Clethra (inf.)
Eugenia (0.31)
llex (0.68)
Lamanonia (5.44)
Lithraea (0.09) 4
Luehea (0.04)
Matayba (0.65)
Myrceugenia (0.00)
Myrsine (3.47)
Nectandra (0.00)
Ocotea (0.00)
Pera (0.07)
Piptocarpha (0.00)
Podocarpus (3.77)
Prunus (0.02)
Sapium (0.15)
Sebastiania (0.12)
Styrax (0.02)
Vernonanthura (0.79)
Xylosma (0.30)
Zanthoxylum (0.04)

05 10 15 20 25 30 35 40 45 50 55 6.(
Taxon average p/v value

Figure 6: p/v values of key genera of Araucaria Forest in this study. Clethra has an infinitely high p/v value; faint
sections in the bars of Lamanonia and Lithraea reflect alternate calculations of their p/v values (see section 3.4).

Between-plot variability in vegetation-pollen relationships is not well demonstrated by p/v values,
as their calculation requires a taxon to be present in both vegetation and pollen records for a plot.
The only taxon for which this occurs in all plots is Eugenia, whose plot-specific p/v scores varied
between 0.04 (P141) and 2.26 (P122), with 14 plots having p/v values < 1. This variability is more
evident with pollen-vegetation abundance differentials (Table 3 and fig. 7). Myrsine, Araucaria and
Podocarpus had the most positive mean values (all above +5%); Nectandra, Eugenia, Lithraea,
Cinnamodendron, Styrax, Ocotea, and Matayba had the most negative mean values (all below -5%).
Lithraea's mean differential changes to -5.52% if ‘cf. Lithraea (Anacardiaceae)’ pollen is included in
the calculation.
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Myrsine had the most extreme positive values: +55.75% (P114, slope), +41.25% (P157, disturbed),
+30.70% (P141, closed understorey), +26.38% (P142, open understorey) and +20.48% (P159,
disturbed). Values above +20% also occurred twice for Araucaria (+20.63% in P151, riverine, and
+20.30% in P15g9, disturbed) and once for Lamanonia (+20.32% in P151, riverine). Similarly negative
values (below -20%) were more evenly spread among taxa, with two cases in Styrax (-22.86% in
P122, open understorey, and -20.00% in P141, closed understorey) and one each in Matayba (-
34.14% in P136, riverine), Lithraea (-32.56% in P114, slope), Nectandra (-28.57% in P110, riverine),
Eugenia (-25.92% in P156, disturbed), Sebastiania (-25.85% in P151, riverine), Cinnamodendron (-
24.14% in P15g, disturbed), and Pera (-21.04% in P119, open understorey).

Genus Mean | Min Max | Range (Max-Min)
Allophylus -4.13 | -8.57 | o0.20 |8.77
Araucaria +9.36 | -9.48 | 20.63 | 30.11
Calyptranthes -3.44 | -17.06 | 1.09 | 18.15
Campomanesia | -2.08 |-5.71 | 0.81 | 6.52
Casearia -4.17 -13.84 | 0.45 | 14.29
Cinnamodendron | -8.08 | -24.14 | 0.44 | 24.57
Clethra +1.76 | 0.37 6.68 | 6.31
Eugenia -8.47 | -25.92 | 7.17 33.09
Ilex -1.07 |-8.73 |2.93 | 11.66
Lamanonia +2.69 | -1.16 20.32 | 21.49
Lithraea -8.25 | -32.56 | 0.26 | 32.82
Luehea -4.89 |-8.89 |o0.18 | 9q.07
Matayba -6.29 | -34.14 | 0.36 | 34.50
Myrceugenia -4.61 | -9.09 | -1.75 | 7.34
Myrsine +13.88 | -3.05 | 55.75 | 58.80
Nectandra -11.73 | -28.57 | -2.17 | 26.40
Ocotea -7.25 | -16.36 | -1.75 | 14.61
Pera -4.83 | -21.04 | 1.21 | 22.25
Piptocarpha -3.02 | -4.29 | -175 | 2.53
Podocarpus +5.78 | -5.73 | 19.24 | 24.97
Prunus -3.212 | -6.82 | 0.23 | 7.04
Sapium -1.27 | -5.05 | 0.44 | 5.49
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Sebastiania -4.35 | -25.85 | 0.55 | 26.40

Styrax -7.52 -22.86 | 0.45 | 23.31

Vernonanthura -0.38 | -4.89 |183 |6.72

Xylosma -2.16 | -7.02 | 1.49 |8.51

Zanthoxylum -4.76 | -12.73 | 0.20 | 12.93

Table 3: Pollen-vegetation abundance differential values (%) for key genera of Araucaria Forest in this study.
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Figure 7: Pollen-vegetation abundance differentials (square-root transformed) for selected genera. Positive values
denote plots where a taxon’s pollen was more abundant than its vegetation; negative values reflect vegetation
being more abundant than pollen. Blank cells denote plots where a taxon was absent from both pollen and
vegetation data.

The genus with the greatest difference between maximum and minimum abundance differentials is
Myrsine, with wide variation (> 30%) also found in Matayba, Eugenia, Lithraea and Araucaria;
Nectandra, Sebastiania, Podocarpus, Cinnamodendron, Styrax and Lamanonia had differences
between 20 and 30%. Most genera had both positive and negative abundance differentials, with the
exceptions being Clethra (all positive) and Myrceugenia, Nectandra, Ocotea and Piptocarpha (all
negative). However, few taxa (Araucaria, Eugenia, Ilex, Myrsine, Podocarpus) had differentials > 2%
in both positive and negative directions.
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4. Discussion

4.1. Detecting structural differences in Araucaria Forest

The vegetation of the studied forest area is characteristic of Araucaria Forest, containing 19 of its 30
most important tree species (Schorn et al., 2012). Three of the predominant species in this study (A.
angustifolia, O. pulchella, P. lambertii), as well as others found at lower levels (Matayba
elaeagnoides, Lamanonia ternata), are key indicator species (Gongalves and Souza, 2014). Lithraea
brasiliensis, the most common, abundant and dominant species in our sample plots, is the fifth most
important tree across Santa Catarina’s Araucaria Forest, especially significant below 1200 m a.s.|
(Schorn et al., 2012; Meyer et al., 2013).

The floristic composition of the plots is somewhat variable, with no pair of plots having a similarity
score above 0.8 (fig. 5a), but this variability in composition does not generally reflect the structural
differences between the plots. This can be seen in the cluster analysis (fig. 5a): three of the open
understorey plots (P119, P122, P123) are clustered together along with the slope plot P118, but the
remaining two open plots (P142 and P144) are far removed; the cluster that would include all five
open plots would have 14 members. Similarly, the disturbed plots P157 and P15g are closely paired,
but the cluster that would also include the third disturbed plot (P156) would encompass nine plots in
total. The riverine plots P110 and P136 are distinct from the rest of the plots but cannot be grouped
with the third member of the riverine group (P151) without including all sampled plots in the cluster.

This pattern is further shown in the DCA (fig. 5b), of which only axis 1 has an eigenvalue > 0.3
(0.3781), which would be suggestive of ecological relevance (Peterson and Gale, 1991; Rezende et
al., 2015). Here again P110 and P136 are the only plots that are clearly distinguished by their
vegetation. Their floristic difference to the other studied plots may partly result from their location
at the northern end of the studied area, > 1.5 km from the other plots. Their regeneration stage
could also be an explanatory factor: these plots have the highest RCVs for Matayba elaeagnoides, as
well as the highest recorded abundances of the pioneer Nectandra megapotamica, two of the three
highest abundances of Allophylus edulis, and the presence of Sebastiania commersoniana, all of
which are important taxa in regenerating Araucaria Forest patches (Schorn et al,, 2012; Meyer et al.,
2013).

The most common and abundant tree pollen in our study sites came from Araucaria angustifolia,
Myrtaceae (mainly Eugenia), Anacardiaceae cf. Lithraea, Myrsine and Podocarpus, with Lithraea,
Vernonanthura-type, Sebastiania, llex and Clethra found in the majority of plots at generally low
abundances (fig. 4). Pteridophyte spores were both common and abundant, and Poaceae was the
most prevalent herbaceous pollen taxon, with Asteraceae and Araceae pollen also common but less
abundant. The sum of all herbaceous pollen varies from 5-20%, averaging 10% — similar to the 5-
15% found by Garcia et al. (2004) in a study of Araucaria Forest peat deposits in Sao Paulo state, but
lower than the 24-60% found by Jeske-Pieruschka et al. (2010) in a forest patch surrounded by
Campos grassland. The herbaceous pollen counts in the latter were likely increased by influx from
the grasslands surrounding the forest, and as a result of disturbance from grazing in the studied
forest patch (Jeske-Pieruschka et al., 2010).

The plots are less well differentiated by pollen than by their vegetation, as shown by their generally
higher cluster similarity scores (fig. 5¢). As with the vegetation there are some potential pairings of
open understorey plots (P122 and P123; P119 and P144 with the rocky plot P117), but these are quite
distinct from each other —the cluster that would encompass all five open plots would only exclude
the riverine plot P151. No potential groupings in the pollen cluster analysis mirror clusters of the
plots’ vegetation (fig. 5a,c), and there are no consistent groupings of structurally similar plots. This
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is also seen in the DCA (fig. 5d), where the eigenvalue for axis 1 (0.2454) may indicate the separation
is not ecologically relevant (Peterson and Gale, 1991; Rezende et al., 2015). Here, as in the cluster
analysis, the only plot that is clearly distinguished is P151, due in large part to its exceptionally high
abundance of Lamanonia pollen.

Although it was not explicitly examined, a plot’s distance to open areas (fig. 1) does not appear to
have any consistent relation to its vegetation composition or its pollen signal (figs. 2-4). This can be
demonstrated by comparing the riverine plots P136 (close to edge) with P110 and P15z (further
from edge) or the open plots P119 and P122 (close to the edge) with P123, P142 and P144 (further
from edge) — none form coherent groups in the clustering analyses in fig. 5. Contributions of exotic
pollen such as Pinus (excluded from this palaeoecology-focused analysis) also appear largely
unrelated to plots’ distance from open areas (data not presented).

These results show that the notable structural differences between the different forest plot
categories are not echoed in the composition of their woody taxa. Since there are no consistent
floristic differences between plot types, it is unsurprising that these structural differences cannot be
detected by their pollen signals — especially as pollen’s sensitivity is affected by relatively coarse
taxonomic resolution and differential pollen production and preservation between taxa.

4.2. Vegetation-pollen relationships

The pollen records of the studied forest plots did not consistently reflect large variations in a taxon’s
abundance in the vegetation (fig. 6 & 7). L. brasiliensis, for example, makes up 2.9% of the
vegetation in P110 and 34.1% in P114 (fig. 2), but Lithraea pollen is equally abundant in each plot
(1.6%) (fig. 4); its abundance in the vegetation is intermediate in P117 (10.9%) and P118 (12.3%) but
its pollen makes up just 0.9% and 1.0% of those plot totals, respectively. This variability in
vegetation-pollen relationships can also be illustrated with Myrsine: its pollen made up more than
half of all counted grains (55.8%) in P114, despite no individuals from the genus being recorded in
the vegetation survey; it was also significantly over-represented in P157 (pollen abundance 43.4%,
vegetation abundance 2.2%), but proportionately represented in P119 (17.3% of the pollen; 17.0% of
the vegetation) and under-represented in P118 (5.7% of the pollen, 8.8% of the vegetation).

However, general patterns of over- or under-representation of each taxon in the pollen record could
be determined — only Araucaria, Eugenia, Ilex, Myrsine and Podocarpus had both positive and
negative abundance differentials above 2% (Table 3). The majority (22 of 27) of the arboreal genera
examined were under-represented in the pollen record (p/v values <1; fig. 6), with four
(Myrceugenia, Nectandra, Ocotea and Piptocarpha) being palynologically silent. These under-
represented taxa include many of the most abundant tree species in the plots, as well as some of
the most ecologically important taxa in Araucaria Forest (Lithraea, Matayba, Cinnamodendron,
Ocotea, Prunus and Nectandra) (Sevegnani et al., 2013). The highest p/v value among these key
generais Lithraea's 0.09 (i.e. less than one tenth as abundant in the pollen record as in the
vegetation), and no pollen which could be reliably identified as Ocotea or Nectandra was counted at
all.

Under-representation in the pollen record is common in the Neotropics (Bush, 1995; Bush and
Rivera, 1998; Gosling et al., 2009; Haselhorst, Moreno and Punyasena, 2013). This is partly due to
the relative rarity of anemopbhilous plants — generally the most over-represented taxa —in tropical
forests, although entomophilous plants are less under-represented in tropical pollen spectra than in
temperate regions (Whitehead, 1983; Bush, 1995; Viera, Fonseca and Araujo, 2012). Our results fit
this general pattern: of the under-represented taxa in our study, Nectandra and Ocotea are
pollinated by thrips (Thysanoptera) (Souza and Moscheta, 2000; Danieli-Silva and Varassin, 2013),
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and Lithraea, Ilex, Matayba, Prunus, Eugenia and Cinnamodendron depend on bees and other small
insects (Tomlinson, 1974; Imperatriz-Fonseca, Kleinert-Giovannini and Ramalho, 1989; Wilms et al.,
1997; Hermes and Kohler, 2006; Montalva et al., 2011; de Deus et al., 2014). Additionally, Ocotea
pollen is fragile, with a thin exine that means it preserves poorly (Behling, 1993). By contrast, the
over-represented taxa Araucaria (Bittencourt and Sebbenn, 2007, 2008) and Podocarpus (Midgley,
1989; Wilson and Owens, 1999; Negash, 2003) are anemophilous, as are South American members
of Myrsine (Otegui and Cocucci, 1999; Albuquerque et al., 2013), and therefore produce abundant
pollen.

Lamanonia was over-represented in the pollen record (p/v 5.44; 1.25 when excluding P151) despite
being insect-pollinated (Wilms et al., 1997; Hermes and K&hler, 2006; de Deus et al., 2014). Its
relative abundance of pollen in this study may be explained by its mass-flowering habit (Hermes
and Kohler, 2006), so it is possible that Lamanonia’s pollen-vegetation relationship varies
significantly year-on-year. Clethra is another entomophilous taxon (Freitas and Sazima, 2006) with
over-represented pollen in this study: its pollen was found in 10 of the 16 plots at an average
abundance of 1.10% (0.37-4.58%), but no individuals were recorded in the vegetation (fig. 2) despite
C. scabra being the third most important tree species in Araucaria Forest (Schorn et al., 2012). Given
Clethra pollen is not adapted for long-distance travel, it is unlikely to have originated outside the
plots; potentially, individuals from this genus were present but too small to be included in the
survey (i.e. d.b.h. <10 cm), making it difficult to make a true assessment of the taxon’s pollen-
vegetation relationship.

It is important to note that some of the variability in our data may be more the result of
methodological choices rather than reflecting ecological truth. The forest plots used in this study
(50 x 20 m) are relatively small, so it is possible that some of the variability in vegetation-pollen
relationships would be reduced if considering a wider area of contributing vegetation (Duffin and
Bunting, 2008; Piraquive Bermudez, Theuerkauf and Giesecke, 2021). This has (subsequently) been
shown elsewhere in south-eastern Brazil’s highlands, although the closest relationship between
vegetation and pollen spectra was found for the smallest examined radius (50 m) around pollen
traps (Guarinello de Oliveira Portes et al., 2020). Different methods of collecting pollen (moss
polsters vs pollen traps vs bog or lake surface sediments) can also contribute variability to the
relationship between vegetation cover and pollen (Tonkov et al., 2001), though an increasing
number of studies in the southern Atlantic Forest, embracing a wider range of survey methods, is
becoming available (Montade et al., 2019; Guarinello de Oliveira Portes et al., 2020; Piraquive
Bermudez, Theuerkauf and Giesecke, 2021). These demonstrate that, as in our study, variability
between sites is often large, but they also help to narrow down the plausible range of values for
species’ and vegetation types’ representation in modern pollen rain.

4.3. Implications for palaeoecology

Our findings have important implications for the interpretation of fossil pollen records. Many of the
key taxa used to reconstruct past Araucaria Forest dynamics were identified palynologically in this
study, but two were largely missing. Pollen from Mimosa scabrella and Weinmannia is commonly
cited as evidence of Araucaria Forest (Behling, 1995, 1997b; Behling et al., 2004; Leonhardt and
Lorscheitter, 2010) but M. scabrella pollen was not abundant (present in 10 of the 16 plots,
maximum abundance 0.89%) and Weinmannia pollen was absent; neither species was recorded in
the vegetation survey. M. scabrella is a species which is especially encouraged by anthropogenic
forest disturbance, so its absence here may be connected to the relatively long time since the last
anthropogenic disturbance of our studied plots. Moreover, both taxa (especially Weinmannia) are
much more floristically important at elevations above 1,200 m a.s.l. (Sevegnani et al., 2013) so their
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absence here is unsurprising, and highlights the biases of existing palaeoecological studies towards
high-altitude regions along the eastern edge of the highland plateau (Behling, 1995, 1997b; Behling
etal., 2004; Behling, 2006; Leonhardt and Lorscheitter, 2010; Jeske-Pieruschka et al., 2013; Scherer
and Lorscheitter, 2014).

The geographical bias of existing studies can further be seen in the classifications proposed by
Rodrigues et al. (2016a) for distinguishing woodland types in southern Brazil based on pollen
spectra. Although our sites (721-953 m a.s.l.) have vegetation which is most similar to that in the
‘low Poaceae subtropical forest’ (LPSF) category (Behling et al., 2004; Jeske-Pieruschka and
Behling, 2012; Jeske-Pieruschka et al., 2013; Behling and de Oliveira, 2018), they are excluded from
this group due to their absence of Weinmannia pollen. Instead, our plots would likely be included in
the disparate ‘low Poaceae subtropical-tropical’ (LPST) group, along with two sites in Santa
Catarina’s coastal tropical forest (9-10 m a.s.l.) (Behling, 1995, 1997a), one in northern Argentina at
the westernmost limit of Araucaria Forest taxa (604 m a.s.l.) (Gessert et al., 2011), and another at
low altitude in south-central Rio Grande do Sul (176 m a.s.l.) (Santa Monica, unpublished, cited in
Rodrigues, Behling and Giesecke, 2016a) . The significant altitudinal, geographical and floristic
differences between these sites suggests LPST may not be a true grouping, and that the
classification of southern Brazil's forests by their pollen spectra will improve as more westerly
plateau sites, with different assemblages of Araucaria Forest, are studied.

Most of the taxa widely used in palaeoecological studies were here found to be over-represented in
the pollen record (Araucaria, Myrsine, Podocarpus, Lamanonia) or under-represented but very
abundant in the vegetation (Myrtaceae, such as Eugenia and Calyptranthes which are rarely
distinguished to genus in fossil pollen). Fossil Lithraea pollen is quite often identified (Behling, Pillar
and Bauermann, 2005; Behling, 2006; Gessert et al., 2011; Behling et al., 2016) or grouped with
Schinus (Behling, 19973, 1997b; Behling et al., 2004; Jeske-Pieruschka et al., 2010) but rarely treated
as important (but see Behling, 1997b; Gessert et al., 2011); given the floristicimportance of L.
brasiliensis (Schorn et al., 2012; Meyer et al., 2013) and its under-representation in the pollen rain
(p/v 0.09-0.39, pollen 8.25% less abundant than vegetation on average), the presence and dynamics
of Lithraea pollen may warrant more detailed examination in future studies. Lithraea is one of
several key Araucaria Forest taxa we have shown to be either significantly under-represented
(Matayba, Cinnamodendron, Prunus) or absent (Ocotea, Nectandra) in the pollen record, even when
quite abundant in the vegetation. This suggests that some significant changes in past forest
composition may not be reflected in fossil pollen, highlighting a potentially important limitation of
pollen as a palaeoecological proxy for determining this ecosystem'’s responses to past millennial-
scale human land use and climate changes.

The importance of fossil pollen’s limited sensitivity to compositional changes in Araucaria Forest is
reinforced when considering that structural differences between plots were not clearly reflected in
their pollen signals. Although the plots had notably different structural characteristics to one
another, this was only weakly echoed in the floristic composition of their arboreal component, and
even less so in their pollen spectra, which were more similar to each other than the vegetation. This
implies that pollen records may not clearly detect structural changes in Araucaria Forest, especially
when these are not accompanied by significant or long-term alterations in floristic composition.
Further investigations of the sensitivity of pollen rain to larger-scale changes in composition and
structure of Araucaria Forest might involve integration with the state-wide plot network of the
Santa Catarina forest floristic inventory (Vibrans et al., 2010) or palynological examination of forest
fragments with relatively intense present human land use, such as caivas, faxinais or ervais (Mello
and Peroni, 2015; Fichino, Pivello and Santos, 2017; dos Reis et al., 2018). Such research would aid
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the interpretation of fossil pollen records which do show significant changes with climatic changes
and human land use (e.g. Behling et al., 2004), permitting shifts in pollen composition to be more
accurately related to changes in the vegetation.

The difficulty of detecting structural and compositional changes in Araucaria Forest with pollen
records has implications for the reconstruction of past human impacts on the forest. Before
European arrival, the Indigenous southern Jé people lived in semi-subterranean dwellings in the
forest, practising swidden cultivation and exploiting Araucaria angustifolia nuts and Myrtaceae fruits
(Iriarte and Behling, 2007; Corteletti, 2012; dos Reis, Ladio and Peroni, 2014; Corteletti et al., 2015).
It has been suggested that their lifestyles helped to spread Araucaria Forest more quickly than
natural drivers, such as climate change, and even beyond the forest’s natural limits (Noelli, 2000;
Bitencourt and Krauspenhar, 2006; Iriarte and Behling, 2007; Lauterjung et al., 2018; Robinson et
al., 2018), but our findings raise the question of whether, and how, more subtle impacts within the
forest — especially structural and compositional changes — would be represented in fossil pollen
sedimentary archives. There is significant ongoing debate over the extent to which pre-Columbian
peoples altered the floristic composition of Amazonian forests (Shepard and Ramirez, 2011; Barlow
etal., 2012; Levis et al., 2017, 2018; McMichael et al., 2017) and the limitations of fossil pollen
analysis in identifying such impacts are well known (e.g. Carson et al., 2016), with recent simulations
showing that pollen sites in tropical forest-grassland mosaics (like those between Araucaria Forest
and Campos grasslands) may be insensitive to large changes in forest cover (Whitney et al., 2019).
The forest plots in our study have been free of human disturbance for several decades, so their
present condition is unlikely to mirror the full range of southern Jé land use. Nevertheless, our
findings highlight potential limitations of pollen analysis as a tool for investigating and
reconstructing the role of the southern Jé in shaping the Araucaria Forest’s floristic composition and
structure —the absence of evidence of human impacts may not equate to evidence of their absence.

5. Conclusions

In this study, the pollen rain from 16 structurally different Araucaria Forest plots has been
characterised and compared with floristic inventory data, and 27 tree genera have had their
vegetation-pollen relationships quantified.

Our results show that the structurally different plots do not exhibit consistent differences in the
floristic composition of their tree taxa. Correspondingly, their structural differences cannot be
clearly detected in their pollen rain, with pollen spectra more similar than vegetation between plots.

On average, the most abundant tree species in the plots are Lithraea brasiliensis, Cinnamodendron
dinisii, Araucaria angustifolia, Eugenia sp., Ocotea pulchella and Calyptranthes cf. concinna,
representing the typical composition of Araucaria Forest at this altitude. As well as these, Styrax
leprosus has a high average relative coverage value (RCV) across all plots, and species including
Matayba elaeagnoides, Nectandra megapotamica, Vernonanthura discolor, Prunus myrtifolia,
Piptocarpha angustifolia, Myrceugenia sp. and Myrsine umbellata have high RCVs in the (relatively
few) plots in which they occur. The modern pollen rain of Araucaria Forest in our study area (720-
920 ma.s.l.) is characterised by Myrsine (19.5%), A. angustifolia (16.6%), Pteridophyta (13.2%),
Podocarpus lambertii (7.9%) and Poaceae (5.2%), along with Eugenia-type, Anacardiaceae cf.
Lithraea, Asteraceae (others), Lamanonia, llex theezans, Calyptranthes-type, Vernonanthura-type
and Clethra at lower abundance.

Vegetation-pollen relationships vary between plots but general patterns of over- or under-
representation could be identified for the majority of taxa. Araucaria, Lamanonia, Podocarpus, and
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Myrsine are over-represented in the pollen record (average p/v >1), and Clethra pollen was
frequently identified but the genus is absent from the vegetation survey. All of the other 22 genera
analysed are under-represented, with Myrceugenia, Nectandra, Ocotea and Piptocarpha
palynologically silent.

The palynological under-representation of ecologically key Araucaria Forest taxa and the lack of
clear differentiation of structural differences in the forest’s pollen spectra have important
implications for the interpretation of fossil pollen records, highlighting the challenges of resolving
past human impacts and ecological changes within Araucaria Forest using this proxy. This
quantitative analysis of vegetation-pollen relationships for key Araucaria Forest taxa is a key tool for
interpreting fossil pollen records and understanding past vegetation dynamics on the highlands of
southern Brazil.
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compositional changes as species reassort themselves under shifting climates, it considers
Araucaria Forests as well as the other main ecosystems of the southern Atlantic Forest (Campos,
Seasonally (semi-)Deciduous Forests and Atlantic Rainforests) with which they have floristic
continuity. It builds on Chapter 2’s modern pollen-vegetation calibration to bring together
palaeoecological proxies with ecological niche model (ENM) predictions (themselves an evolution of
the process begun in Chapter 1) for insight into how the region’s ecosystems have changed since
the Last Glacial Maximum. This information is used to set in 21,000 years of context the climate-
driven ecological changes which could take place in the 21° Century, providing a corollary to the
results from Chapter 1.
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Abstract

Brazil’s Atlantic Forest biome is one of the world’s biodiversity hotspots, whose heterogeneous
ecosystems are threatened by habitat loss and climate change. Palaeoecological research can
provide essential context for the impacts of anthropogenic climate change in the 21** Century and
beyond, but existing studies have notable limitations in the insights they can provide: vegetation
proxy data are spatially and temporally skewed with inconsistent taxonomic resolution; existing
modelling studies typically overlook individualistic species-level responses, are limited in temporal
coverage, and lack close integration with empirical palaeoecological data. Here, we investigate the
impact of major climate changes upon the species-level floristic composition of southern Brazil's
Atlantic Forest, from the Last Glacial Maximum (LGM) to the late 21° century, by modelling the
distributions of 30 key species at seven time slices since the LGM and comparing the assemblages
they form with an unprecedented dataset of palaeoecological proxy data. We find notable
compositional changes through time across our study area, especially during the early Holocene,
which was characterised by extensive no-analogue plant communities. Aspects of these modelled
floristic changes are captured in proxy records but many occur in data-sparse regions, highlighting
geographic foci for future palaeoecological investigation to test these model predictions. Our
findings highlight the individualistic responses of Atlantic Forest plant species to climate change
and help resolve long-standing palaeoecological questions — explaining the dominance of highland
grasslands at the Last Glacial Maximum (likely due to low atmospheric CO, concentrations),
clarifying the LGM extent of coastal tropical forest (probably in a grassland matrix on exposed
continental shelf), and explaining the origins of Araucaria angustifolia’s western populations (from
climatic (micro-)refugia rather than human-mediated dispersal). Our results also set the 21°*
Century’s impending climate and vegetation changes in a 21,000-year temporal context, revealing
that, under a high emissions scenario, more than 100,000 km? of the southern Atlantic Forest will
experience more climate-driven floristic change in the coming decades than it has in the last 21
millennia.

1. Introduction
Brazil’s Atlantic Forest biome is a global biodiversity hotspot: around one in every fifty species of
vascular plants and non-fish vertebrates on Earth is endemic to this heterogeneous mix of
ecosystems, which stretches over 3,000 km along the country’s coast and inland as far as Argentina
and Paraguay (Myers et al., 2000; Neves et al., 2017; Oliveira-Filho & Fontes, 2000; Ribeiro et al.,
2009). This biome is gravely threatened by intense historical and ongoing habitat loss, which has

129



already removed 84-89% of its natural vegetation (Ferrer-Paris et al., 2019; Ribeiro et al., 2009),
impending anthropogenic climate change (Bergamin et al., 2019; Colombo & Joly, 2010), and the
intersection of the two, which may cause a quarter of the Atlantic Forest’s endemic species to be
lost (Bellard et al., 2014; Brown et al., 2020; Wilson et al., 2019).

These threats are particularly acute around the Atlantic Forest's subtropical southern limits —
arguably the most heterogeneous part of the biome (Oliveira-Filho et al., 2014), comprising Atlantic
Rainforest sensu stricto (ARF, also known as Dense Ombrophilous Forest) along the coast, Araucaria
Mixed Forest (AMF, also known as Mixed Ombrophilous Forest) and Campos grasslands on the
highland plateau, Cloud Forest at the very highest elevations, and Seasonally (semi-)Deciduous
Forest (SDF) in the west (fig. 1, Section 2.2) (Oliveira - Filho and Fontes, 2000; IBGE, 2012). Each of
these distinct and diverse ecosystems is already under threat from habitat conversion: ARF and
AMF are Endangered and SDF is Critically Endangered, with their risk of collapse within 5o years
estimated at 220% and 250% respectively (Ferrer-Paris et al., 2019); 25% of Campos was lost
between 1970 and 1996 to timber plantations, agricultural expansion and inappropriate
management (Overbeck et al., 2007). Furthermore, these tropical and subtropical forests and
natural grasslands hold significant populations of more cold-adapted taxa, which are already range-
constrained under the present interglacial climate and so at elevated risk from anthropogenic
climate change (Bellard et al., 2014; Carnaval et al., 2014; Ribeiro et al., 2009). Understanding how
these ecosystems and their component species will respond to changing conditions over the
coming decades is therefore a key research priority.

One key approach for predicting the impacts of climate change is to use species distribution models
(SDMs, also known as ecological niche models). However, significant uncertainties about the
planet’s longer-term climate trajectory under anthropogenic forcing, as well as the spectre of
increasing climate novelty, mean that no SDM study can make precise forecasts beyond the current
century (Fitzpatrick et al., 2018; Williams & Jackson, 2007). Palaeoecology is valuable in this
context, illuminating vegetation responses to wide ranges of past climates which may present
useful analogues for future scenarios (Barnosky et al., 2017; Dietl et al., 2015; Jackson & Blois, 2015;
McElwain, 2018). These insights can come from palaeoecological proxies (e.qg. fossil pollen, soil
carbon isotopes, phytoliths) and/or distribution modelling. These approaches are complementary:
proxy studies provide rich, empirical records on individual sites’ vegetation histories; SDMs can
provide high spatial- and taxonomic-resolution predictions for times, taxa and places poorly
covered by proxy data; integrating the two therefore yields highly detailed, generalisable, ground-
truthed insights into palaeoecological dynamics (Svenning et al., 2011).

Southern Brazil’s late-Quaternary vegetation history has been better studied than much of the
Neotropics, especially with fossil pollen and, to a lesser extent, soil carbon isotopes and phytoliths
(synthesised in Smith & Mayle, 2017). There are limits, however, to the insights available from these
proxies. The overwhelming majority of studied sites have small catchments recording local-scale
vegetation changes (Smith & Mayle, 2017), and their uneven spatial distribution (skewed towards
the plateau’s (south-)eastern edges and the southern part of the coastal lowlands) mean that large
parts of the region are unstudied (fig. 3). Temporal coverage is similarly uneven, with few sites
providing continuous records from the Last Glacial Maximum (LGM, ca. 21,000 years ago). Finally,
each proxy has significant limits on the taxonomic resolution it can provide for vegetation
reconstructions. Soil carbon isotopes (§13C) distinguish C4-dominated (sub-tropical/tropical
grassland) and C3-dominated (generally, but not always, woody) vegetation (Dimig et al., 2008; L.
C.R. Silva & Anand, 2011); phytoliths can effectively differentiate herbaceous or monocotyledonous
taxa, and fossil pollen discriminates between woody dicots (Daniau et al., 2019; Plumpton et al.,
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2019) —yet despite its higher taxonomic resolution, fossil pollen records under-represent or omit
significant parts of southern Brazil's flora (Behling & Negrelle, 2006; Cardenas et al., 2019), leaving
their dynamics unrecorded.

[ Study area
Potential Natural Vegetation
Il Seasonally (Semi-)Deciduous Forest
[ Araucaria Mixed Forest

Campos grasslands
I Atlantic Rainforest

Ecotonal areas

~-30

Il Remnant natural vegetation (MapBiomas)

T
-55 -50 -45 -40 -35

Figure 1: Brazil's Atlantic Forest vegetation (IBGE, 2012) and its natural remnants in 2018 (shaded; Souza et al.,
2020); ecosystems not prominent in our study area are not shown in colour.

Although projecting SDMs to past time slices is a potentially powerful way to complement these
data, studies which have attempted this for the southern Atlantic Forest generally share limitations
around their links to proxy records and their taxonomic and temporal coverage. A relatively
restricted subset of the available proxy data tends to be used, with no study using a denser dataset
than Ledo and Colli's (2017) 56 sites across all Amazonia and the Atlantic Forest; Smith and Mayle
(2017) identified 50 proxy sites in south-eastern Brazil alone. Many studies also examine only the
LGM (21,000 BP) and mid-Holocene (6,000 BP), the time slices for which spatialised climate data
are most widely available at ecologically meaningful resolutions (Arruda et al., 2017; Bergamin et
al.,, 2019; Carnaval & Moritz, 2008; Ledo & Colli, 2017; Porto et al., 2013; Vitorino et al., 2016).
Important as these periods are, southern Brazil’s ecosystems responded to a wide array of other
conditions in the intervening millennia which may better illuminate present and potential future
distributions or patterns of diversity (Cruz et al., 2005, 2007; Maksic et al., 2019).
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Most critically, many palaeo-modelling studies in the Atlantic Forest have examined the
distributions of whole ecosystems or significant parts of the entire biome, treating them as single
units with uniform responses (Arruda et al., 2017; Carnaval et al., 2014; Carnaval & Moritz, 2008;
Costa et al., 2017; Ledo & Colli, 2017). However, palaeoecological data shows that species respond
individualistically to climate changes depending on their niche requirements, which can lead to the
formation of novel floristic assemblages without modern analogues (Davis, 1983; Davis & Shaw,
2001; Mayle et al., 2004; Williams & Jackson, 2007). Although much evidence for this comes from
temperate regions (e.g. Williams et al., 2004), past novel or no-analogue assemblages have been
documented from Amazonia to south-eastern Brazil, generally characterised by the co-occurrence
of cold- and warm-adapted pollen taxa during (late) glacial times (Behling, 1998; Bush et al., 2004;
Colinvaux et al., 1997, 2000; P. E. De Oliveira, 1992; P. E. De Oliveira et al., 2020; Francisquini et al.,
2020; Haberle & Maslin, 1999; Hermanowski et al., 2012; Horak-Terra et al., 2020; Lima et al., 2018;
Raczka et al., 2013; Whitney et al., 2011). Southern Brazil's forests are characterised by floristic
gradients — each contains significant compositional diversity, and differences between forest types
are generally marked most by gradual species turnover (Bergamin et al., 2017; Brown et al., 2020;
Duarte et al., 2014; Esser et al., 2019; Oliveira-Filho et al., 2014; Oliveira-Filho & Fontes, 2000).
These characteristics mean there is a significant chance that any past or future reassembly of these
communities would be poorly captured by modern-day ecosystem classifications. It is especially
important, therefore, that the effects of past and future climate change on the southern Atlantic
Forest are considered at species level, as these potential ‘ecological surprises’ (Williams & Jackson,
2007) cannot be examined in ecosystem- or biome-level modelling studies.

The present study addresses these limitations in existing proxy and SDM research in the southern
Atlantic Forest, by providing a species- and community-level view of vegetation change throughout
the last 21,000 years and into the coming decades through close integration of high resolution
SDMs and extensive palaeo-data synthesis. Building SDMs for 30 key species from the region’s
principal ecosystems and projecting them in high spatial resolution across nine time slices covering
the coming century and the past 21,000 years, we analyse the changing distributions of 22 floristic
assemblages and closely compare our predictions against 67 published vegetation and climate
proxy records. The unprecedented scope and granularity of this combined approach allows us to
comprehensively investigate past compositional change in the southern Atlantic Forest, advancing
our understanding of when, where and how the region’s species and communities responded to
past climatic changes and providing 21,000 years of context, spanning the full amplitude of glacial-
Holocene climate change, in which to assess the impending impacts of 21*-Century anthropogenic
climate change.

2. Methods

2.1.  Overview

We built SDMs for 30 key species from the southern Atlantic Forest’s main ecosystems; projected
these at ca. 800 m-resolution to nine time slices: the present day, seven time slices at 3,000-year
intervals since the LGM, and a climate change scenario for the 2070s; analysed species’ co-
occurrences (i.e. potential floristic assemblages) and their distributions through time; and closely
compared our modelling results with a dense dataset of palaeo-proxy sites (fig. 2). Our study area is
located between 25-30°S, covering the southern extent of the Atlantic Forest biome.

In this study, we use a ‘predict-then-assemble’ distribution modelling approach (sensu
Nieto-Lugilde et al., 2018), modelling the distributions of each species independently before
combining them into potential floristic assemblages (see Sections 2.4 and 2.5). Because it allows for
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more realistic compositional changes through time — including the development of assemblages
without modern analogue —this method is preferable to the ‘assemble-then-predict’ approach
commonly used in previous modelling studies focusing on the Atlantic Forest (see Section 1;
Nieto-Lugilde et al., 2018). An alternative approach would be to use community-level ‘assemble-
and-predict-together’ models (Nieto-Lugilde et al., 2018). Like our stacked SDM method, these
models reproduce important compositional changes across time and space, but they require co-
occurrence or presence/true absence data for all species at all localities — data which are scarce in
the tropics. Additionally, while they do present some modest computational advantages, the
approach used here produces comparably accurate predictions to community-level models (tested
by Maguire et al., 2016; reviewed by Nieto-Lugilde et al., 2018).

\
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Figure 2: conceptual overview of this study showing input data (light grey), generated outputs (mid grey), and
data for model intercomparisons (dark grey). Segment labels highlight where in the text relevant sections are
discussed. For data generation methods (solid lines): palaeoclimate data downscaling (Section 2.3), model fitting
and projection (Section 2.4 — labelled a and b respectively), combining individual species predictions into floristic
assemblages (Section 2.5). For model-data intercomparison results (dashed lines): palaeoclimate data and
proxies (Section 3.1), current mapped and modelled vegetation (Section 3.2), and predicted floristic assemblages
and palaeo-vegetation proxies (Section 3.3).

2.2.  Modern ecosystems of the southern Atlantic Forest

Atlantic Rainforest (ARF) is an evergreen subtropical rainforest which grows under constantly hot
and humid conditions in a relatively narrow band between the Atlantic coast and the highlands’
eastern escarpment. Its wide elevational range (from sea level to >800 m) and associated climatic
differences drive variations in its composition, with lowland, submontane and montane ARF
formations distinguished (Klein, 1975; Lingner, Sevegnani, et al., 2013; Uhlmann et al., 2012).

Araucaria Mixed Forest (AMF) occurs inland on the highland plateau almost exclusively above 500 m
elevation (Hueck, 1953). Characterised by an emergent layer of Araucaria angustifolia above an
angiosperm-dominated sub-canopy, AMF requires high and constant rainfall and is one of the most
marginal ecosystems in the Atlantic Forest, occupying its coldest and highest elevation niches
(Neves et al., 2017; Oliveira-Filho et al., 2014; Uhlmann et al., 2012). AMF’s floristic mix of warm-
adapted tropical and cold-adapted Austral-Antarctic and Andean taxa varies extensively throughout
its range in response to a variety of factors (Duarte et al., 2014; Higuchi et al., 2012; Klein, 1975;
Oliveira-Filho et al., 2014; Sevegnani et al., 2016).
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At the plateau’s highest elevations, which exceed 1,800 m, AMF forms mosaics with —and
eventually gives way to — natural highland grasslands called Campos. One of the very few
herbaceous ecosystems in the Atlantic Forest biome, Campos are highly diverse, though less well
studied, appreciated or protected than the surrounding forests (Andrade et al., 2016, 2019; Iganci et
al., 2011; Overbeck et al., 2007). They have occupied parts of the highlands for more than 40,000
years, with relatively steady forest encroachment over the last 4,000 years (Behling et al., 2004;
Dumig et al., 2008; L. C. R. Silva & Anand, 2011). These ecotones are maintained by natural or
anthropogenic fire and grazing, and in the absence of such disturbance the conversion of Campos to
forest can be rapid (Jeske-Pieruschka et al., 2010; Miller et al., 2012; J. M. Oliveira & Pillar, 2005;
Sihs et al., 2020).

Campos share the highest and coldest parts of the plateau with Cloud Forest, especially along the
escarpment’s upper edge where orographic fog is common (Falkenberg & Voltolini, 1993). These
forests contain a mix of cold-adapted species from both AMF and ARF, but despite being
floristically distinct they are often treated as high-montane expressions of these larger forest
formations (Bertoncello et al., 2011; Falkenberg & Voltolini, 1993; Higuchi et al., 2013; Oliveira-Filho
etal., 2014; Scheer et al., 2011).

The Atlantic Forest’s westernmost ecosystem is Seasonally (semi-)Deciduous Forest (SDF), which
extends across Brazil’s borders into north-eastern Argentina and eastern Paraguay as well as along
lower elevations to the south of the highlands. These forests experience similarly high average
temperatures and precipitation to ARF but greater temperature seasonality, with more frequent
frosts (6.5-10.4 days per year on average) (Gasper et al., 2012). In the south, canopy trees shed their
leaves in response to winter’'s low temperatures and shorter photoperiod, though SDF's
understorey is largely evergreen (Gasper et al., 2012; Klein, 1975). At the higher elevations of its
range (800-9oo m) the forest incorporates floristic elements from lower-elevation AMF —indeed,
the two ecosystems can be considered different expressions of a similar seasonal forest flora
(Oliveira-Filho et al., 2014).

2.3. Climate data

Present-day (average of 1979-2013) and future (average of 2061-2080, termed ‘2070s’) gridded
climate datasets were downloaded from CHELSA (Karger et al., 20173, 2017b). Our future data uses
the RCP8.5 emissions scenario (worst-case business-as-usual) from the CCSM4 general circulation
model (GCM), as this has been found to be among the best-performing GCMs for our study region
and Latin America more broadly (Hidalgo & Alfaro, 2015; Lovino et al., 2018; Yin et al., 2013), and is
also closely related to CCSM3, the GCM which underpins our palaeoclimate dataset. These
palaeoclimate data come from PaleoView, a tool for querying the TRaCE21ka transient climate
simulation at up to decadal temporal resolution (Fordham et al., 2017, 2018).

We generated gridded monthly precipitation and temperature (mean, maximum and minimum)
data from PaleoView for seven past time slices: 21,000, 18,000, 15,000, 12,000, 9,000, 6,000 and
3,000 years BP. We used the delta change method to downscale these data from 2.5° (PaleoView's
resolution) to 30” (ca. 8oo m, the resolution of CHELSA climate data), with local lapse rate
modifications for temperature variables (see Supplementary Methods). The region’s changing sea
levels from the LGM to present were incorporated by adjusting elevation and bathymetry data from
the GEBCO project (Weatherall et al., 2015) by -30 m (9,000 BP), -50 m (12,000 BP), -go m (15,000
BP), -100 m (18,000 BP) and -130 m (21,000 BP) relative to present (Cooper et al., 2018; de Mahiques
et al., 2010). Climatic and ecological predictions for exposed shelf areas should be treated with
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greater caution than areas which were never submerged, as CHELSA data is only validated over
current land areas and was spatially extrapolated for precipitation (Lorenz et al., 2016).

The Koppen-Geiger scheme classifies the world’s climate into distinct, ecologically relevant zones;
we applied this classification (as implemented by Alvares et al., 2013; Beck et al., 2018; Peel et al,,
2007) to our present, future and downscaled past climate data to provide a broad-scale overview of
the changing conditions in our study area through time.

2.4. Species distribution modelling

Best practice in species distribution modelling advocates restricting input variables to those which
are ecologically relevant and weakly correlated with one another (Fourcade et al., 2017). We
selected the following bioclimatic variables (see Supplementary Methods), which describe the
general trends, extremes and variability of temperature and precipitation: Bio2 (mean diurnal
temperature range), Bio3 (isothermality), Bio4 (temperature seasonality), Bios (maximum
temperature of the warmest month), Bio6 (minimum temperature of the coldest month), Bio8
(average temperature of the wettest quarter), Biog (average temperature of the driest quarter),
Bio12 (annual precipitation), Bio1s (precipitation seasonality), Bio17 (precipitation of the driest
quarter).

We selected six key species from each of Seasonally (semi-)Deciduous Forest, Araucaria Mixed
Forest, Campos, Cloud Forest, and Atlantic Rainforest, according to their ecological importance in
the ecosystems’ different communities (Andrade et al., 2019; Bertoncello et al., 2011; Klein, 1975;
Lingner, Schorn, et al., 2013; Meyer et al., 2013; Schorn et al., 2012, 2014) and likely visibility in fossil
pollen records. However, the dominance and diversity of Poaceae and Asteraceae species in
Campos, combined with pollen’s relatively low taxonomic resolution (particularly for Poaceae),
means that our selected Campos taxa cannot be readily identified in the pollen record. Similarly, the
lack of palaeoecological research into southern Brazil’s SDF means its taxa are not often identified
in fossil pollen studies.

Species (abbreviation SDF AMF CLD ARF Fossil
code; family) low mid high high mid low pollen
Alchornea triplinervia Y Y Y Y

(Alctri; Euphorbiaceae)
Apuleia leiocarpa (Apulei; Y
Fabaceae)
Araucaria angustifolia Y Y Y Y
(Araang; Araucariaceae)
Calophyllum brasiliense Y
(Calbra; Calophyllaceae)
Cecropia glaziovii (Cecgla; Y Y
Urticaceae)
Cedrela fissilis (Cedfis; Y (Y) (Y)

Meliaceae)
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Clethra scabra (Clesca;
Clethraceae)

Cupania vernalis (Cupver;
Sapindaceae)
Danthonia secundiflora (=
D. montana) (Dansec;
Poaceae)

Dicksonia sellowiana
(Dicsel; Cyatheaceae)
Drimys brasiliensis
(Dribra; Winteraceae)
Eragrostis polytricha
(Erapol; Poaceae)
Euterpe edulis (Eutedu;
Arecaceae)
Hypochaeris lutea
(Hyplut; Asteraceae)
llex microdonta (llemic;
Aquifoliaceae)
Lithraea brasiliensis
(Litbra; Anacardiaceae)
Luehea divaricata
(Luediv; Malvaceae)
Matayba elaeagnoides
(Matela; Sapindaceae)
Mikania decumbens
(Mikdec; Asteraceae)
Mimosa scabrella
(Mimsca; Fabaceae)
Myrocarpus frondosus
(Myrfro; Fabaceae)
Ocotea catharinensis
(Ococat; Lauraceae)

Ocotea puberula

(Y)

(Y)
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(Ocopub; Lauraceae)
Podocarpus lambertii Y Y Y
(Podlam; Podocarpaceae)
Podocarpus sellowii Y Y
(Podsel; Podocarpaceae)
Schizachyrium tenerum Y
(Schten; Poaceae)
Sloanea guianensis Y Y (Y)
(Slogui; Elaeocarpaceae)
Trifolium riograndense Y
(Tririo; Fabaceae)
Weinmannia humilis Y Y Y
(Weihum; Cunoniaceae)
Weinmannia paulliniifolia (Y) Y (Y) Y

(Weipau; Cunoniaceae)

Table 1: Modelled species and their importance in the ecosystems of southern Brazil’s Atlantic Forest (SDF =
Seasonally (semi-)Deciduous Forest, AMF = Araucaria Mixed Forest, CAM = Campos, CLD = Cloud Forest, ARF =
Atlantic Rainforest) (Andrade et al., 2019; Bertoncello et al., 2011; from Klein, 1975; Lingner, Schorn, et al.,
2013; Meyer et al., 2013; Schorn et al., 2012, 2014). Fossil pollen importance generalised from pollen taxa (genus
level or below) in published proxy sites listed in table S2. 'Y’ indicates very high importance/frequent presence, and
'(Y)" indicates somewhat high importance/frequent presence.

Locality data for these species were drawn from two sources: the Santa Catarina Forest Floristic
Inventory (IFFSC) (Alexander Christian Vibrans et al., 2010, 2020), and the Global Biodiversity
Information Facility for records outside Santa Catarina (https://doi.org/10.15468/dl.0l64p1,
https://doi.org/10.15468/dl.og70waq, https://doi.org/10.15468/dl.nxy2cp). GBIF records were taken
from 15-45° S and 67.5-35°W, where present-day conditions generally encompass those
experienced by our study area over the last 21,000 years, then coordinates were cleaned and
thinned. Because true absences were only available from the IFFSC, which covers only a subset of
the geographic and climatic space our models were trained on and lacks data on Campos species,
we added 1,000 randomly located pseudo-absence points for each species.

Modelling used the package ‘biomod2’in R v3.5 (R Core Team, 2018; Thuiller et al., 2016). For each
species a randomly selected 25% of the location data was set aside for model evaluation, with the
remaining 75% used for training and cross-validating the models. We used an ensemble modelling
approach built from seven individual modelling algorithms (see Supplementary Methods). For each
species, each algorithm was run ten times and evaluated using the metrics AUC (area under the
receiver operating curve) and TSS (true skill statistic) (Allouche et al., 2006). These evaluation
scores were ranked and their ranks summed, with a species’ ten top-ranked models combined into
an ensemble prediction, which was projected to the past and future time slices. If more than one
model run tied for the tenth-highest position, the ensemble was produced from more than ten runs
(table S1).
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2.5.  Floristic assemblage analysis

‘'Stacking’ our models’ projections across all 30 species and nine time slices produced 43,023 unique
combinations of species presence and absence. These combinations were aggregated to 34
potential floristic assemblages using hierarchical clustering with the R package ‘vegan’ (Oksanen et
al., 2019) — see supplementary methods for further details. Potential assemblages/communities
which never occupy 25% of any time slice’s land area were excluded from further analysis (fig. S2).
Assemblages are characterised by the prevalence of the modelled species within them, averaged
across all time slices and ranging from o (absent from all pixels of an assemblage) to 1 (present in all
the assemblage’s pixels; see fig. 4).

2.6. Palaeo-data - model comparison

To compare our modelled predictions against palaeoecological data we compiled a comprehensive
list of previously studied sites, drawing on the Latin American Pollen Database (Flantua et al., 2015),
the Temperature 12k Database (Kaufman et al., 2020), Smith and Mayle (2017), and extensive
literature searches (see Supplementary Methods). The final list (table S2 and fig. 3) comprises 67
sites (47 of them within our study area), including eight independent palaeoclimate archives (six for
temperature and two for precipitation). Selected sites outside our study area are included to
provide a broader regional context for patterns of vegetation change and to help interpret records
within our study area. This compares favourably with the 110 sites used across lowland tropical and
subtropical South America by Smith and Mayle (2017) and greatly exceeds the density used as
controls in other past modelling studies in the region. We generated new age-depth models for all
pollen sites using the R package ‘rbacon’ (Blaauw et al., 2020; Blaauw & Christen, 2011); age-depth
models were generally not created for soil profiles (see Supplementary Methods for further
information). Fossil pollen data are summarised as percentages of forest and grassland pollen, and
soil carbon isotope values are generalised following Silva and Anand (2011).

Pollen
513C
Phytoliths
Palaeoclimate
30008P
6000BP
9000BP
120008P
15000BP
18000BP
21000BP
Exposed at LGM | 3254 & N

-30.0+

XxEE_ L Em

g % 3
1: Serra dos Orgdos | 2: Serra da Bocaina | 3: Morro de Itapeva | 4: Serra de Botucatu | 5: Terrago Ivai | 6: Trincheira Reserva | 7: Coldnia | 8: Curucutu | 9: Agua dos Papagaios | 10:
SAN-76 | 11: Santana St8 | 12! Serra Campos Gerais | 13: Iapd River | 14: NAP 63-1 | 15: Turvo | 16: Ponta Grossa | 17: Aroeiras | 18: Caratuva Peak 2 | 19: Guarapuava | 20: Reserva
do Iguagu | 21: LaPAS-KF02 | 22: Serra do Aragatuba | 23: Tijucas do Sul | 24: Volta Velha | 25: Buriti | 26: Cerro do Touro Watershed | 27: Campo Eré | 28: Mata Preta | 29: Coxilhdo |
30: Hsl | 31: Hs17 | 32: Hs13 | 33: Xanxeré | 34: Canoas Ponte Alta do Norte | 35: GeoB2107-3 | 36: Botuvera Bt2 | 37: Obera | 38: 36GGC | 39: Serra da Boa Vista | 40: Tabuleiro
Summit | 41: Ciama 2 | 42: Garopaba | 43: Morro da Igreja | 44: Serra do Rio Rastro | 45: Riachinho Valley | 46: Sangdo | 47: Figueirinha Lake | 48: S3o José dos Ausentes | 49: Campo
Mae Luzia | 50: Cambard do Sul | 51: Santa Rosa do Sul | 52: Sdo Jodo do Sul | 53: Banhado Amarelo | 54: Fazenda do Pinto | 55: Sdo Martinho da Serra | 56: Alpes de Sdo Francisco 1
| 57: Rincdo das Cabritas | 58: CPCN Pro Mata | 59: Alpes de Sdo Francisco 2 | 60: Sdo Francisco de Assis | 61: Serra Velha | 62: Santo Antdnio da Patrulha | 63: Tramandai Lagoon |
64: Passinhos | 65: Barrocadas | 66: Aguas Claras | 67: GeoB6211-2

Figure 3: Map showing palaeo-data sites included in this study. Symbol shapes represent the palaeo-proxies
included in each record, and their colour indicates the oldest time period covered. The hatched area illustrates the
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maximum extent of land which was exposed at the LGM (sea levels ca. 130 m below modern). For further details
on the sites, see table S2.

3. Results

3.1.  Palaeoclimate data validation

Our downscaled palaeoclimate data broadly agree with proxies of past temperature and
precipitation (figs. S3-57). The LGM (21,000-18,000 BP) is reconstructed with higher and more
seasonal precipitation than the present, especially in the west of our study area, and mostly 3-4°C
cooler. This aligns with speleothem evidence from Botuvera and Santana caves (Cruz et al., 2005,
2006, 2007), as well as proxies of air and sea surface temperatures from Colonia and marine cores
(Carlson et al., 2008; Chiessi et al., 2014, 2015; Dauner et al., 2019; Pivel et al., 2013; Rodriguez-
Zorro et al., 2020; Toledo et al., 2007). Conditions at 15,000 BP are transitional between this LGM
climate and a markedly different early Holocene.

At 12,000 BP, much of our study area was somewhat drier and more seasonal than the present; the
north-east was 1-2°C cooler than present and the south up to 1°C warmer, though most areas were
within 1°C of modern average temperatures. Proxy evidence from Botuvera and Santana supports
the early Holocene (12,000 — 9,000 BP) being the driest in the study period, with the lowest
contributions from the summer monsoon. Subsequent gradual and relatively minor increases in
precipitation in the proxy records are reflected in our downscaled data. Temperature proxies
generally record 12,000 BP as being similar to, or warmer than, the preceding time slices; several
also show slight increases in temperatures through the Holocene which are less clear in our
downscaled data.

Our future scenario (2070, RCP8.5) has slightly higher precipitation than the present, though still
less than experienced during the LGM, and significantly higher temperatures (2-3.5°C warmer) than
at any other modelled point.

The K&ppen-Geiger climate classification system (fig. S8) shows that southern Brazil's highlands
have retained a subtropical climate with warm summers and no dry season since the LGM. This Cfb
climate type covered almost all of southern Brazil's current land area at the LGM. Increasing
temperatures since then have seen Cfa (hot summers) progressively replacing Cfb from the east,
south and west of our study area. Cfb’s present extent is the lowest in the studied period, and its
near-total replacement by the 2070s under a high-emissions scenario is its largest reduction since at
least the LGM. Relatively small areas of tropical rainforest climate (Af) have been found along
northern coastal areas since 15,000 BP, and are predicted to extend significantly to the south (and
also develop in the north-west) later in the 21° Century.

3.2. Modelled species and modern-day ecosystems

The 30 key species modelled here effectively characterise the main ecosystems of southern Brazil's
Atlantic Forest; only the south-western corner of our study area, which is not part of the biome, had
poor species coverage in the present (fig. 1, figs. S9-S10). Several species transcend ecosystem
boundaries (e.g. Ocotea puberula and Matayba elaeagnoides in Seasonally (semi-)Deciduous Forest
and Araucaria Mixed Forest, and Cedrela fissilis in parts of these and Atlantic Rainforest), reflecting
the compositional gradients between the region’s different forests (table 1, fig. Sg) (Bergamin et al.,
2017; Duarte et al., 2014; Oliveira-Filho et al., 2014; Oliveira-Filho & Fontes, 2000). Most high-
elevation areas are currently predicted to be suitable for combinations of AMF, Campos and Cloud
Forest species; these ecosystems’ modern boundaries are not clearly delineated in their constituent
species’ distributions.
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The stability of species associations — with one another and with their nominal ecosystem (table 1) —
differs between ecosystems and time slices. For instance, important ARF species tend to co-occur
from the LGM to the present, where they are rarely found outside ARF areas, though non-ARF
species sometimes overlap their distributions. By contrast, AMF's composition is more variable
across its modern range — it contains significant floristic gradients (Duarte et al., 2014; Oliveira-Filho
et al., 2014) —and, accordingly, its species associations are less stable through time (figs. Sg, S11).

The clustering analysis identifies 34 potential floristic assemblages, divisible into three broad
groups, which encompass these different expressions of our target ecosystems (fig. 4): the small
cluster a that aligns closely with modern-day ARF (assemblages 3 and 2); cluster b, with one
subsection dominated by mixtures of different forest and Campos species like those found currently
on the highlands’ escarpment slopes (assemblages 9, 7, 8 and 26) and another by SDF species
(assemblages 5, 16, 6, 20 and 30); and cluster ¢, with subsections dominated by AMF/SDF/Campos
species (assemblages 25, 27, 17 and 24), Campos and Cloud Forest (15 and 29), AMF/Campos/Cloud
Forest and some SDF (14, 13 and 33), and SDF/Campos (31 and 34).
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Figure 4: relationships (left; see also fig. S2), distributions (centre; see also fig. 6), and floristic compositions (right; each species’ average predicted prevalence) of predicted
assemblages used in this study (top, clusters a and b; bottom, cluster c). The right-most panel shows species’ average predicted prevalence in each assemblage, using species’
six-letter codes from table 1 and colours from the ecosystems in which each species is currently most important (see table 1 and fig. 1). Dendrogram branches without additional
detail represent
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assemblages which never reach 5% of the land area in any time slice and which are excluded from further
analysis (see fig. S2).

The relationships between these cluster-derived floristic assemblages and the southern Atlantic
Forest's ecosystems are evident from comparisons with Brazil's official vegetation map (IBGE, 2012)
(fig. 5). This shows that, while the associations are generally accurate, cluster ¢'s
AMF/Campos/Cloud Forest assemblages occupy only part of their expected extent in the east and
(especially) the west. A species-level analysis suggests different causes in each area (fig. Sg). In the
east this appears to be due to ARF species such as Alchornea triplinervia co-occurring with AMF,
Campos and Cloud Forest taxa at higher-elevation areas, forming the mixed-ecosystem assemblage
9. In the west, by contrast, the main cause is the predicted absence of typical AMF species (except
Matayba elaeagnoides), without which these areas’ coverage with SDF and low-elevation AMF
species (M. elaeagnoides, Cedrela fissilis, Cupania vernalis, Luehea divaricata, Ocotea puberula) lead
to their classification as SDF-like assemblages 5, 16 and 6. Modern ecotonal areas combining SDF
and AMF species are best represented by assemblages 25 and 14 in the south and north of our study
area, respectively — both found considerably uphill and to the east of the official boundary between
SDF and AMF.
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Figure 5: overlay maps of modelled floristic assemblages and official vegetation (IBGE, 2012; see fig. 1). Left:
assemblages from clusters a and b compared with SDF and ARF (blue). Right: assemblages from cluster c
compared with grassland and AMF (dark grey). See fig. S12 for ecotonal areas and comparison with the future
scenario.

3.3. Changes through time and proxy comparison

Our modelling suggests that the southern Atlantic Forest’s ecosystems have changed significantly
in both distribution and composition over the last 21,000 years, and are predicted to experience
exceptionally drastic changes as a result of changing conditions over the coming decades (fig. 6).

3.3.1. Last Glacial Maximum (21,000 — 18,000 BP)

Between 21,000 and 18,000 BP, the highlands were dominated by cold-adapted floristic
assemblages from cluster ¢, with relatively slight differences between the periods. Assemblages 15
and 29 (Campos and Cloud Forest species) occupy most of the centre, south and west of the
plateau; assemblages 13 and 33 (which include more AMF species) are found more to the highlands’
east, especially at 18,000 BP. The north of the plateau transitions from assemblage 13 to 15
between the time slices, with the former assemblage extending into the southern part of what
today is Santa Catarina’s coastal plain. Most of our modelled tree species, as well as several Campos
herbs, are predicted to have occurred on continental shelf areas exposed by sea levels 130 m lower
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than present. This combination forms assemblages g (which covers almost all of the continental
shelf), 7and 8: cold-adapted taxa are less prevalent in the latter two assemblages, which are found
along and close to the present-day northern coastal plains.

Where these modelled assemblages are found in the present day (generally on the plateau and its
eastern escarpment), much of their extent is forested. However, this does not appear to have been
the case at the LGM as grassland proxies generally dominate, though phytolith records do suggest
some areas that might have had higher tree cover. Half or more of the phytoliths at lapo River
(Kalinovski et al., 2016) around 18,000 BP come from woody plants (though the site’s §"3C signature
is C4-dominated), and some samples from approximately the same time in Campo Eré (Cecchet,
2015) have modest contributions of eudicot and palm phytoliths, though precise ages and
identifications are not available in the latter record. Campo Eré is also one of three LGM sites in our
study area (with S3o José dos Ausentes (Pereira, 2017) and Cerro do Touro Watershed (M. A. T. de
Oliveira et al., 2008)) whose 6*3C values indicate a mixture of C3- and C4-photosynthesising
vegetation, though only Obera (Zech et al., 2009) and Curucutu (Pessenda et al., 2009), respectively
to the west and north of our study area, have C3-majority contributions.

The highest values for forest pollen are found in Volta Velha (14%, 21,000 BP; Behling & Negrelle,
2001), where Myrtaceae and Melastomataceae dominate, and GeoB2107-3 (22%, 18,000 BP; Gu et
al., 2017), with Alchornea, Podocarpus, Araucaria (at 21,000 BP) and Myrsine (at 18,000 BP) the
latter’'s main components. These sites’ investigators suggest this indicates a mosaic of subtropical
forest patches with grasslands on the lowlands (Behling & Negrelle, 2001; Gu et al., 2017), a
suggestion supported by proxy evidence from Curucutu (Pessenda et al., 2009), north of our study
area. At 21,000 BP, this site had a similar forest pollen proportion (17%) and composition (mainly
Myrtaceae and Melastomataceae-Combretaceae, with some Alchornea) to Volta Velha and
GeoB2107; the core’s 813C values show that the site was dominated by C3 vegetation, and nine
other nearby profiles show mixes of C3 and C4 contributions (Pessenda et al., 2009). Our predicted
assemblages on the exposed continental shelf and modern-day lowlands could have been
expressed as such a grassland-forest mosaic, its precise configuration dictated by non-climatic (e.g.
topographic) conditions. A similar physiognomy was likely found on the highlands around the LGM,
with Campos dominating and AMF and/or Cloud Forest species probably confined to rare, small
patches — at least in the highlands’ south-east where long fossil pollen records exist (Behling et al.,
2004; Leonhardt & Lorscheitter, 2010). The higher contribution of Podocarpus and Araucaria pollen
to GeoB2107's LGM pollen spectrum suggests AMF forest elements were more common further
north or on the continental shelf (Gu et al., 2017), which may align with the early phytolith record
from lapo River (Kalinovski et al., 2016).

3.3.2. Late Glacial Period (15,000 BP)

Although floristic assemblages from the cold-adapted cluster ¢ continue to dominate the highlands,
and components of cluster b the coastal region, there are notable compositional changes in most
areas from the LGM to the Late Glacial. The range shifts that underpin these are reductions for
many of the most cold-adapted species (Cloud Forest and Campos) and expansions for more warm-
adapted SDF taxa, with most AMF and ARF species relatively stable over the time period. The main
exceptions to these trends are a south-western expansion for Podocarpus sellowii and an eastward
consolidation for Dicksonia sellowiana, though the potential ranges of several Campos, Cloud Forest
and SDF species experience little change from the LGM. At 15,000 BP there is an increased extent of
assemblages 31 and 34, which expand north and west from their LGM locations in low-elevation
areas at our study area’s southern limits and part of the Uruguay River valley. Rather than being
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true reflections of probable communities, however, these assemblages are more likely to denote
areas that are suitable for few of our modelled species (fig. S10).

Most of the predicted changes between the LGM and Late Glacial occur in areas not covered by
palaeo-data sites, making it difficult to discern their accuracy. Most sites in our study area do show
modest increases in forest pollen between 18,000 and 15,000 BP, in line with predictions of more
range expansions for forest species than herbs, though fossil pollen from the growing cluster of
south-eastern plateau sites remains 290% grassland taxa. The largest increases in forest pollen are
found in GeoB2107 and Curucutu, reaching 33% of the total in each. GeoB2107's arboreal pollen also
becomes more diverse, with notable increases of Moraceae/Urticaceae, Melastomataceae and
Celtis, while previously established taxa such as Alchornea, Araucaria and Podocarpus are
maintained. This might support the predicted development of assemblage 7 at the expense of
assemblage g on the north-central continental shelf: the former is more dominated by warm-
adapted tropical trees, with cold-adapted Campos, Cloud Forest and AMF species less prevalent
than in assemblage 9. A notable proxy site which first covers the 15,000 BP time slice is Buriti
(Bertoldo et al., 2014): at this time period, 91% of Buriti’s pollen comes from tree taxa — a proportion
far higher than any other site at this period — with Araucaria (ca. 20%), Ilex and Podocarpus (15-20%)
the main contributors. This would suggest that at least some western areas in our study area —
around assemblages 29, 26 and 34 — had AMF-like forest cover at 15,000 BP.

3.3.3. Early Holocene (12,000 — 9,000 BP)

The change between 15,000 BP and 12,000 BP, the transition from the Late Glacial to the Holocene,
is the greatest among any of our past time slices, especially in our study area’s south and west.
Here, areas previously characterised by the cold-adapted floristic assemblage 29 undergo
significant compositional changes, becoming the largely novel SDF-like assemblages 20 and 30,
with areas of modern-day SDF assemblages 5, 16 and 6. This change is broadly driven by this area’s
loss of formerly widespread cold-adapted taxa (/lex microdonta, Hypochaeris lutea and
Schizachyrium tenerum), and the expansion into it of SDF/lowland AMF species (mainly Matayba
elaeagnoides, Cupania vernalis and Luehea divaricata). With some changes between these
assemblages, this band of more warm-adapted vegetation remains until 9,000 BP.

Unfortunately, the dearth of palaeoecological records covering this period and area mean there is
sparse evidence against which to assess our model predictions. In its northern reaches, Buriti — the
only site available at 12,000 BP — experiences large increases in Asteraceae pollen that reduce its
forest pollen from 91% to 65%, then 55% at 9,000 BP, suggesting an increasingly open landscape.
Buriti's forest pollen composition in the early Holocene is still mostly Araucaria and Ilex, though with
less Podocarpus than previously and more Alchornea, Arecaceae, Hieronyma and Luehea (all warm-
adapted taxa). Notably, a stable co-occurrence of Luehea and Podocarpus pollen (ca. 5-10% each)
begins shortly after 9,000 BP, potentially matching the predicted presence of assemblages 20 and
30, in which L. divaricata and P. sellowii are prevalent. In the area’s south-east, Serra Velha's record
(Leal & Lorscheitter, 2007) starts around 11,000 BP as ca. 95% grassland pollen, but forest pollen
from early-successional tropical trees accounts for 42% of the total by 9,000 BP. Though its
composition and forest-grassland trajectory differ from Buriti’s, Serra Velha too appears to have
been found in a generally open environment. Finally, in Campo Eré, at the north-western edge of
the area of rapid change, several phytolith morphotypes experience abrupt changes around a
sample dated to 8,000 BP, suggesting the existence (but not the nature) of significant changes early
in the Holocene.
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Further east in the early Holocene, our modelling suggests the incremental loss of more cold-
adapted species along the coastal lowlands. This is best captured by the pollen record of Volta
Velha (Behling & Negrelle, 2001), which sees drastic increases in forest pollen between 15,000 BP
and 12,000 BP due to sharp reductions in Campos (Poaceae) pollen and the emergence of a forest
pollen assemblage dominated by generally tropical Arecaceae, Alchornea and Myrtaceae pollen
with Myrsine and Moraceae/Urticaceae. Serra da Boa Vista (Behling, 1995) records an increase in
ARF-type pollen, though coastal cores at our study area’s south do not, remaining grassland-
dominated. While GeoB2107's arboreal pollen sum changes little overall, there are changes in its
composition, with Alchornea, Moraceae/Urticaceae and Arecaceae all experiencing sustained
increases.

The cold-adapted assemblages of cluster c also experience significant changes between the late
glacial and early Holocene. Here again, however, few palaeoecological sites can test these
predictions. Phytoliths and soil carbon isotopes at Aroeiras (D. W. Silva, 2018), Guarapuava
(Calegari, 2008) and another nearby site (D. W. da Silva et al., 2016; no precise location) suggest the
presence of woody AMF-like vegetation in the early Holocene, which subsequently declined.
Further soil profiles at CPCN Pro Mata (DUmig et al., 2008; L. C. R. Silva & Anand, 2011) show that
smaller-than-modern forest blocks were also found in the highlands’ south-east by 9,000 BP, but
any changes in their composition are invisible in the region’s grassland-dominated pollen records.
Further north, there is little change in the grassland-dominated pollen record from Serra do
Aracatuba (Behling, 2006), but a short buried peat sample near the Cerro do Touro Watershed (M.
A.T.de Oliveira et al., 2008) shows a 30% decline in Campos pollen within a few centuries of 12,000
BP as Weinmannia, Myrtaceae, Myrsine and Dicksonia sellowiana pollen increase. Combined with
changes in AMF taxa from GeoB2107 (Araucaria, Schinus/Lithraea, Podocarpus and Myrsine all
respond differently), this may provide general support for predicted compositional changes in
highland vegetation through the early Holocene, though forest coverage apparently remained
patchy.

3.3.4. Mid-Holocene (6,000 BP)

At the mid-Holocene (6,000 BP), many parts of the study area — including much of its west — are
poorly characterised by our modelled species (fig. S10), most of which experience reductions in
their predicted extents compared to 9,000 BP (fig. 6). For this reason, increased caution is required
when interpreting vegetation changes in these areas. Many areas designated as assemblages 20
and 30 in the early Holocene become assemblages 16 (SDF-like) or 13 (AMF/Campos-like),
depending largely on changes to the distributions of Matayba elaeagnoides and Podocarpus sellowii.
Assemblage 20 reappears north-west of the Itajai valley, however, replacing the AMF/SDF-like
assemblage 14 as the location becomes unsuitable for several Campos, AMF and Cloud Forest
species. Similar but less drastic changes convert the Campos/Cloud Forest-like assemblage 15 to the
more AMF-like assemblage 13 in our study area’s centre. Changes are somewhat less marked along
the coastal lowlands, where sea-levels reach essentially modern levels — small compositional
changes happen in the south and the central region records the first significant presence of
assemblage 3, modern ARF’s best representative.

Most palaeo-proxy sites in the region’s west are dominated by grassland/Cx signals at the mid-
Holocene, apart from Trincheira Reserva (Alcantara dos Santos, 2013) to the north-west, where
phytoliths and §3C records show dominant woody C3 vegetation, and Buriti, where forest pollen
increases to make up 70% of the total. As before, there is compositional change in Buriti’s arboreal
pollen with Araucaria’s contribution decreasing, being overtaken by Alchornea. There are also
increases in Dicksonia sellowiana spores and pollen from Drimys, Podocarpus and Luehea, with
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Sloanea occurring at 6,000 BP for the first time in several millennia. This combination of AMF and
more warm-adapted tropical taxa may suggest a no-analogue forest assemblage at Buriti in the
mid-Holocene; although our modelled species do not cover the location well at this period, this
could support our prediction of the site occurring between floristic assemblages resembling tropical
forest and AMF 6,000 years ago.

Further east, most sites show increases in forest pollen. This is particularly notable at the high
elevations in our study area’s centre-east at Ciama 2, Tabuleiro Summit and Serra da Boa Vista
(Behling, 1995; Behling & de Oliveira, 2018; Jeske-Pieruschka et al., 2013). Sites in the southern
coastal lowlands show heterogeneous mixtures of persistently dominant grassland (Aguas Claras,
Bauermann, 2003; Santa Rosa do Sul, Cancelli, 2012; Passinhos, Macedo et al., 2007) and expanded
forest pollen (S3o0 Jodo do Sul, Cancelli, 2012; Tramandai Lagoon, Lorscheitter & Dillenburg, 1998),
mostly from tropical taxa. Serra Velha, further inland, is the exception to this pattern, with its forest
pollen proportion dropping from 42% at 9,000 BP to 15% at 6,000 BP. Our models predict tropical
forest developing over this period, so while some of this patchiness may be due to fluctuating sea
levels influencing coastal vegetation or sites’ different catchment sizes, it may also show that
coastal forest development in our study area’s south was slower and/or later than predicted.

On the plateau’s eastern edge, smaller expansions of forest pollen can be seen in most cores
between 9,000 BP and 6,000 BP; in CPCN Pro Mata's soil pits forest borders advance by up to 20 m
and today’s large woodland patches first receive increased C3-carbon input (L. C. R. Silva & Anand,
2011). With minimal change in Serra Campos Gerais (Behling, 1997b) or in GeoB2107's AMF taxa, it
is possible that the plateau’s vegetation changed less between 9,000 and 6,000 BP than predicted,
though with no sites in the most changeable area of modelled cluster c assemblages it is impossible
to be certain.

3.3.5. Late Holocene (3,000 BP)

At 3,000 BP, western parts of our study area are again poorly covered by our modelled species;
further east, however, predicted assemblages on the plateau and coastal plain begin to more
closely resemble those of the present day.

The south-west of our study area is covered by a combination of assemblages, with extensive
assemblage 5 (SDF-like in the present, but with Podocarpus lambertii, Schizachyrium tenerum and
Luehea divaricata most prevalent here), some AMF/Campos-like assemblage 13, and other areas
poorly characterised (assemblage 31 and other rarer groupings). The only palaeo-proxy record
within this region, Sdo Martinho da Serra (Bauermann et al., 2008) is dominated by herbaceous
pollen; Serra Velha, at its eastern end, becomes dominated by tree pollen, much of it unidentified
but with major contributions from Myrtaceae and Alchornea. The north-west is classed as
assemblages 31 and 34, here predicted to be a mixture of Campos and SDF species, with /lex
microdonta (Cloud Forest) and Araucaria angustifolia (AMF) in some areas. Buriti, sited between
these assemblages and AMF/Campos-like assemblage 13, records high levels of forest pollen —
mainly /lex (Araucaria and Alchornea experience temporary lows at 3,000 BP) with a continued
mixture of cold-adapted (Symplocos, Podocarpus) and warm-adapted (Luehea, Hieronyma) trees —
which may corroborate the unusual combination of taxa modelled for the site.

Across the rest of the plateau, our models predict a consolidation and expansion of assemblages
associated with cold-adapted taxa. Assemblages 13 and 27, which describe present-day AMF and
Campos areas, cover much of the highlands, including parts of western Santa Catarina state and
north-western Rio Grande do Sul which are now SDF. Assemblage 15, dominated by Cloud forest
and Campos species, also expands to cover its largest extent since 18,000 BP, concentrated at high
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elevations along the escarpment and in areas of modern-day Campos in south-central Parana state.
Soil profiles in these latter areas record C4-dominated vegetation for this period, as they had for
6,000 BP, despite the region’s only pollen record (Buriti) continuing to be forest-dominated. Further
east, palaeo-proxy records show increasing contributions from forest taxa compared to the mid-
Holocene. This expansion of AMF over Campos is recorded between 3,000 and 4,000 BP in many
sites at the highlands’ southern edge, as well as in others north of our study area (Behling, 1995,
19973; Behling et al., 2004; Bissa & de Toledo, 2015; Jeske-Pieruschka & Behling, 2012; Leonhardt &
Lorscheitter, 2010; Scherer & Lorscheitter, 2014). Some of these sites also record a subsequent
expansion of AMF around 1,000 BP (Behling, 2006; Behling et al., 2004; Leonhardt & Lorscheitter,
2010; Scherer & Lorscheitter, 2014), so many plateau proxy sites’ surroundings were probably more
open at 3,000 BP than in the present. Notably, however, given its likely regional catchment, the
marine core GeoB2107 records little change in the relative proportions of forest and grassland
pollen between 6,000 and 3,000 BP, though forest pollen (notably Araucaria) does increase
subsequently.

In the late Holocene, most of the coastal region becomes covered by assemblages 3 and 7, primarily
differentiated here by the distributions of Myrocarpus frondosus and Ocotea catharinensis.
Accordingly, most pollen cores from the coastal lowlands see increasing forest pollen proportions,
generally dominated by combinations of Myrtaceae, Arecaceae and Myrsine (and, to a lesser extent,
Ilex and Alchornea), likely reflecting developing ARF vegetation. This development was unlikely to
have been complete, however, as in almost every case these coastal sites record less forest pollen at
3,000 BP than they do in the present day, suggesting that — like the plateau sites — their surrounding
landscapes were then more open than now. In the central coastal mountains Weinmannia (with
Myrtaceae) dominates forest pollen assemblages at this time, whose trajectories differ between
each site from the mid-Holocene to 3,000 BP, and again to the present. Although our predictions
accurately place these sites at the intersection of tropical and more cold-adapted floristic
assemblages, their nuances - likely caused by local topography-weather system interactions
(Behling & de Oliveira, 2018) — are not fully captured.

3.3.6. Future (20705s)

By the late 21% Century, under a pessimistic carbon emissions scenario, the distributions and
compositions of our modelled ecosystems are predicted to be strikingly different to their present
and past. Species generally shift to higher elevations, with increasing numbers of lowland tropical
trees gaining wider footholds in adjacent highland areas — especially ARF species in the north-east
and SDF species across the region’s centre and west. These uphill expansions lead some species to
vacate their present ranges’ lower elevations, resulting in (near-)novel assemblages being left
behind. More cold-adapted AMF, Campos and Cloud Forest species — already found at our study
area’s highest elevations — tend to experience drastic losses from areas that are presently suitable,
and few spread into new, previously unsuitable locations.

In our study area’s west, assemblages 17 and 24, presently rare and scattered in the south-west,
become widespread. Assemblage 24, the more southerly of the two, is characterised by a mixture of
SDF and AMF/SDF species, with some presence of the few cold-adapted species to experience
westward range expansions (Podocarpus lambertii, Trifolium riograndense and Hypochaeris lutea).
Fewer species characterise assemblage 17, found along parts of the Uruguay and Iguazu river
valleys, and, still further to the north-west, other parts of the Iguazu valley are predicted to be
unsuitable for all our modelled species by the 2070s. These assemblages are interspersed with the
SDF-like assemblage 5, dominated here by Luehea divaricata and other SDF species with some
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Lithraea brasiliensis and Matayba elaeagnoides, which occupies large parts of present-day AMF/SDF
ecotones.

Across the northern part of our study area, the only species of AMF, Campos and Cloud forest which
largely maintains its range is M. elaeagnoides; most others are predominantly or completely lost
from this region, but much less change is predicted for the area’s shared SDF/AMF species.
Combined with northward expansions of Myrocarpus frondosus (SDF), Euterpe edulis, Cecropia
glaziovii and (to a lesser extent) Alchornea triplinervia (all ARF), our study region’s north becomes
classified as assemblage 6, presently a relatively rare grouping found around AMF’s ecotones with
SDF and ARF.

The loss of climatically suitable habitat for AMF, Campos and Cloud forest species across our study
area’s northern region leads to a dramatic retraction in the area covered by their associated
assemblages. Assemblage 13 covers a smaller area in the 2070s than in any other modelled time
slice, becoming confined to the highest elevations in our study area’s centre and south-east. Most
present-day AMF and Campos areas become characterised by assemblages which today mark
ecotones with SDF —assemblages 14 in the centre and 25 in the south, with Araucaria angustifolia
largely restricted to the latter. The plateau’s south-easternmost part, which today is assemblage 13,
becomes assemblage g as highland species’ ranges contract and species more common in (or
shared with) ARF and SDF expand.

ARF species showcase the interspecific variability in responses to the changing climate. Cecropia
glaziovii and Sloanea guianensis retain their current range as well as expanding to higher elevations;
Alchornea triplinervia and Euterpe edulis, by contrast, shift away from the coast as both leading and
trailing edges of their ranges shift uphill. Ocotea catharinensis's range already occupies high
elevations and changes little in the north, is reduced in the centre of our study area (where the
mountains are more isolated), and expands a little in the south; Calophyllum brasiliense spreads
considerably to the south, but its elevational distribution changes little. Overall this means that
assemblage 3, typical of modern-day ARF, covers a similar extent in the 2070s to the present day,
but at a higher elevational band, partly replacing assemblage g (escarpment forest). This in turn
creates space for novel or rare cluster a (ARF-like) assemblages, which appear along the coast (e.g.
assemblage 2) and in parts of the Itajai valley.
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Figure 6: predicted floristic assemblages (clusters a and b, left, and cluster c, right) and palaeo-proxy values
(centre) for our study area through time. For maps of individual assemblages, see fig. 4 or Supplementary
Information.

3.4. Long-term context for present and future floristic assemblages

When have locations previously been occupied by plant assemblages most like those of the modern
day? Our results show that the southern Atlantic Forest's different ecosystems find their closest
analogues at different times over the last 21,000 years (fig. 7). In the west, modern plant
assemblages in some SDF areas are most similar to those found in the mid-Holocene (6,000 BP) and
others to those of the early Holocene (12,000-9,000 BP), but all are very unlike floristic assemblages
found in these areas during the LGM and Late Glacial (before 15,000 BP). By contrast, closely
related assemblages have occupied the highlands from at least the LGM through to the present.
Areas in the north had floristic assemblages most like the present day at various points through the
Holocene, though in the southern part of the highlands the closest match is found 3,000 years ago.
Notably, the highest elevations have experienced very little compositional change over the last
21,000 years. The present-day coastal assemblages are largely closest to those found 3,000 BP,
though some areas in the north and in the Itajai valley have closer matches earlier in the Holocene.
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Figure 7: the (dis)similarity of present-day floristic assemblages to those of past and future time slices — red
denotes assemblages which are more dissimilar and blue those which are more similar.

Our results also show that, without reductions in greenhouse gas emissions, by the 2070s much of
the southern Atlantic Forest will have —or at least will be on track to have — very different floristic
composition to any experienced since at least the LGM (fig. 8). Close local analogues for future
assemblages can only really be found for ecosystems at the highest elevations; in some western and
south-western areas the early and mid-Holocene (9,000-6,000 BP) provides some relatively close
matches for future assemblages. By contrast, more than 48,000 km? of assemblages predicted to
arise across our study area’s north and east are highly dissimilar (Bray-Curtis score above 0.5) to
those modelled for those areas in any other time slice, including the present day.

More than 102,000 km? of our study area is predicted to experience greater floristic change
between the present day and the high-emissions future scenario than in any other 3,000-year
interval modelled here (fig. 9, table S3). By comparison, deglacial warming during the last glacial-
Holocene transition (15,000 — 12,000 BP) brought the greatest vegetation change to over 105,000
km?; around 15% of that area would experience even greater floristic change over the coming
decades in a high-emissions 21 Century (table S3). Notably, the spatial distribution of vegetation
changes during the 21 Century and glacial-Holocene transition differ: climate change associated
with the onset of the Holocene affected vegetation in the south and western parts of our study area
significantly, whereas future climate changes are predicted to have their greatest impact on
vegetation in northern and eastern regions which have otherwise experienced relatively little
change since the LGM (figs. 9, S13-14).
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Figure 8: The (dis)similarity of future floristic assemblages to those of past and present time slices — red denotes
assemblages which are more dissimilar and blue those which are more similar.
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Figure 9: Between-time slice intervals during which the greatest floristic change is predicted. For figures
underpinning column chart, see table S3. For past time slices only (i.e. excluding the future scenario), see fig. S13.
For change between all intervals, see fig. S14.

4. Discussion

Our study demonstrates the value of combining species-level distribution modelling with a granular
synthesis of palaeovegetation-proxy evidence to better understand how plant species in Brazil's
southern Atlantic Forest have responded to climate changes since the LGM. The results generated
show that our downscaled climate data and predicted species distributions are broadly aligned with
independent proxy evidence, and provide a number of important novel insights into the past and
future of southern Brazil’s Atlantic Forest.

4.1.  Plant community change since the LGM
Our results highlight the importance of considering ecosystems’ compositional changes alongside
shifts in distribution — especially in the southern Atlantic Forest’s variable ecosystems. At an
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aggregate (e.g. cluster g, b, c) level, our findings confirm expectations based upon previously
published fossil pollen data and modelling studies (Arruda et al., 2017; Bauermann, 2003; Behling et
al., 2004; Bergamin et al., 2019; Costa et al., 2017): cold-adapted floristic assemblages have
occupied most of the highlands for most of the last 21,000 years, with their wider LGM extent
reduced by the early Holocene; large areas of more warm-adapted and seasonal communities
emerged at lower elevations in the south and west around 12,000 years ago before receding in the
late Holocene; and the full development of coastal tropical forest only occurred in the last few
thousand years. However, our approach provides unique insights into the floristic changes within
these broad-scale vegetation shifts by providing significantly enhanced spatial and taxonomic
(species-level) resolution (fig. 6). Our modelling results show that highland LGM assemblages were
not floristically uniform across the plateau — vegetation in western highland areas was
compositionally closer to modern Campos and Cloud Forest, while more Araucaria Mixed Forest
elements occurred in eastern highland areas. Our evidence suggests that the eastern plateau and
coastal plain experienced no ecosystem- (i.e. cluster-) level turnover over the last 21,000 years, but
rather underwent numerous subtle compositional shifts.

Our species-level modelling approach provides important new insights into Holocene plant
communities that were unlike any currently known from the region. Although no-analogue
Quaternary floristic assemblages have been inferred from previously published fossil pollen studies
elsewhere in the Neotropics, including Brazil’s Cerrado biome and the central sector of the Atlantic
Forest biome to the north (P. E. De Oliveira, 1992; P. E. De Oliveira et al., 2020; Francisquini et al.,
2020; Hordk-Terra et al., 2020; Raczka et al., 2013), the taxonomic limitations of pollen analysis,
combined with the paucity of sites, mean their full nature, extent, and presence in southern Brazil
have not previously been ascertained. Our palaeo SDM results provide the first evidence that
significant species turnover in Brazil's southern Atlantic Forest in the early Holocene (12,000-9,000
BP) — most notably across the plateau’s (south-)west sector — created novel plant communities
without modern analogue. However, the absence of existing palaeovegetation data sites from
much of our study area makes these predictions hard to verify. Buriti (Bertoldo et al., 2014), at the
modelled assemblages’ northern edge, does provide some support for this early Holocene no-
analogue plant community hypothesis, recording high levels of Asteraceae pollen and an unusual
mixture of cold- and warm-adapted trees (Araucaria, Ilex, Hieronyma, Luehea) at this period. Other
sites (Jeske-Pieruschka & Behling, 2012; Leal & Lorscheitter, 2007; Leonhardt & Lorscheitter, 2010;
Scherer & Lorscheitter, 2014) at the opposite ends of this putative non-analogue community differ
from Buriti and one another, suggesting that floristic composition was not homogeneous across
this region. More fossil pollen records are therefore needed to more rigorously test the accuracy of
these findings and confirm, clarify or refute the model predictions.

The importance of redoubled proxy-based palaeoecological investigations on southern Brazil's
plateau is further emphasised by our finding that most highland fossil pollen sites occur in the most
historically stable areas. Recording long periods of continuous grassland, these records do not show
notable compositional changes —in part, this may be a function of low taxonomic resolution in
herbaceous pollen and the rarity of pollen from (systematically under-represented) forest taxa
(Bush, 1995; Cardenas et al., 2019; Guarinello de Oliveira Portes et al., 2020; Jan et al., 2015; Schiler
& Behling, 20113, 2011b). These sites along the plateau’s south-eastern edge have been used to
characterise the highlands as largely or entirely treeless from the LGM to the late Holocene
(Behling, 1998, e.g. 2002; Bergamin et al., 2019; Lauterjung et al., 2018), an extrapolation that our
modelling and palaeo-data synthesis shows to be over-simplistic. As with Arruda et al.’s (2017)
ecosystem-level models, we find that AMF-like assemblages could have been found across much of
the AMF’s current range since the LGM (fig. 6), and proxy sites frequently omitted from other
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syntheses attest to AMF taxa and/or forest areas on the highlands before the late Holocene
(Bertoldo et al., 2014; M. A. T. de Oliveira et al., 2008; Gu et al., 2017; L. C. R. Silva & Anand, 2011).
Our results highlight areas that could be investigated by proxy-based palaeoecological study to test
these predictions of compositional change amid long-term ecosystem-level persistence, such as
central or north-eastern Santa Catarina and south-eastern Parana states. Understanding whether
and how modelled vegetation changes in these regions are represented in palaeoecological data
(and vice versa) will improve our understanding of the southern Atlantic Forest’s multi-millennial-
scale plant community dynamics, their underlying drivers, and these techniques’ complementary
roles in driving these investigations.

4.2.  Grassland-forest mosaics across space and time

The palaeoecological value of model-data comparisons for understanding the biogeographic
history of the Atlantic Forest can be effectively illustrated with Araucaria Mixed Forest and Campos.
Millennial-scale interplay between these ecosystems is generally attributed to rainfall and/or
temperature changes (Behling, 2002; Behling et al., 2004), but our analysis shows that SDMs of
their constituent species cannot distinguish the two ecosystems in the present, suggesting
significant overlap between their climatic niches and therefore that non-climatic factors dictate
their boundaries. This corroborates other published modelling studies (Barros et al., 2015; Bergamin
etal., 2019; Costa et al., 2017; Maksic et al., 2019; Wilson et al., 2019), as well as contemporary and
palaeoecological observations of AMF expanding over Campos in the absence of fire and/or grazing
(Behling, 2002; Behling & Pillar, 2007; Dimig et al., 2008; Muller et al., 2012; J. M. Oliveira & Pillar,
2005; L. C. R. Silva & Anand, 2011; SUhs et al., 2020). One consequence of this difficulty in
differentiating forest and grassland in our SDMs is that, where predicted past assemblages include
both herb and tree species, their actual physiognomy is unclear. Our LGM (21,000-18,000 BP) data
are a case in point: at this time, most palaeo-data sites in our study area record pollen, soil stable-
carbon isotope and phytolith evidence for dominant grasslands, barely differing between modelled
assemblages g (modern escarpment forests), 15 (Campos/Cloud Forest) and 13 (which encompasses
both Campos and AMF; fig. 6). Which non-climatic factors might explain why these LGM plant
assemblages were grasslands rather than forests (as large parts are today)?

There is little evidence that fire restricted forest species’ distributions at the (cold, generally wet)
LGM; although only three microcharcoal records cover the period (Behling, 19973; Behling et al.,
2004; Jeske-Pieruschka et al., 2013), fire does not appear to have been common across the
highlands. As yet, there is also no evidence that herbivory played a role, despite theirimportance in
controlling modern AMF-Campos ecotones: although southern Brazil's herbivorous megafauna
persisted into the early Holocene (Asevedo et al., 2020; Lopes & Buchmann, 2011; Raczka et al.,,
2018), proxies indicative of megafauna, such as Sporormiella spores, have not yet been examined in
the region. It is likely, however, that the LGM’s reduced atmospheric CO, concentrations (ca. 190
ppm) would have disproportionately stressed C3-photosynthesising plants, conferring a
competitive advantage to C4-photosynthesisers and potentially confining woody vegetation to
moister microclimates such as river valleys (Gerhart & Ward, 2010; Montade et al., 2019; Pivel et al,,
2010; Svenning et al., 2011). Our evidence suggests that these non-climatic factors may explain
southern Brazil's extensive LGM grasslands better than climatic determinants (e.g. extremely cold
temperatures or long dry seasons, cf. Behling, 2002; Behling et al., 2004), and so require greater
consideration and direct investigation.

One consequence of non-climatic influences on vegetation physiognomy is that modelled
assemblages may have manifested quite differently in the past than in the present (e.g.
assemblages 9, 15 and 13, detailed above). At the LGM and subsequently, many plant communities
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predicted to have co-occurring herbaceous and tree taxa may have been grassland landscapes with
embedded forest (micro)refugia. Such formations have previously been inferred in southern Brazil
from modelling (Barros et al., 2015; Costa et al., 2017; Stefenon et al., 2019), palynology (Behling et
al., 2004; M. A. T. de Oliveira et al., 2008; Ledru et al., 2007, 2016) and phylogeography (Auler et al.,
2002; de Sousa et al., 2020; Lauterjung et al., 2018; Ledru et al., 2007; Stefenon et al., 2007, 2008,
2019). Direct evidence can also be observed in our synthesised palaeo-proxy sites: a valley’s base
sheltering more woody vegetation than its head during the Last Glacial (Paisani et al., 2019); 7,500
years of forest and grassland respectively occupying opposing sheltered and exposed aspects of
valley slopes (Robinson et al., 2018); and 15,000 years of continuous forest pollen in Buriti's
topographic depression, while surrounding soil profiles show grasslands (Bertoldo et al., 2014). The
buffering effect of small-scale topography (beyond our climate data’s spatial resolution) may also
have permitted species to persist in apparently unsuitable areas — Buriti records Araucaria
angustifolia pollen 15,000 years ago, for instance, when our SDMs suggest it should have been
absent (though this could also be because each sediment subsample covers a longer period than our
palaeoclimate time slices). Refugia such as these will have played important roles in AMF's late-
Holocene expansion across the plateau, and explain the development of A. angustifolia’s western
populations more parsimoniously than long-distance human-mediated dispersal in the late
Holocene (cf. Lauterjung et al., 2018).

Compared to the plateau, inferring past vegetation physiognomies from meso-scale SDM
predictions and finer-scale topographic data is much more difficult for the coastal lowlands, where
detailed palaeo-topography is poorly known, due to submerged LGM coastlines. The prevalence of
grassland pollen (and the near-absence of tropical forest pollen) in coastal proxy sites between the
LGM and early Holocene has led some to suggest that grasslands replaced Atlantic Rainforest
wholesale, with tropical tree species’ southern limits found several hundred kilometres further north
than at present (Bauermann, 2003; Behling, 2002; Behling & Negrelle, 2001) — a Pleistocene ‘Forest
Refuge Hypothesis’ supported by early palaeo-distribution modelling (Carnaval & Moritz, 2008).
However, a subsequent ‘Atlantis Forest Hypothesis’ argues that continental shelf exposed by lower
LGM sea-levels could have supported large areas of forest (Leite et al., 2016). Our modelling and
palaeo-data synthesis support an intermediate scenario of subtropical forest patches in a matrix of
cold-adapted grassland/Campos (Bauermann, 2003; Behling & Negrelle, 2001; Gu et al., 2017). Our
results suggest that the coastal lowlands and continental shelf had temperatures and rainfall
suitable for both tropical trees (cf. Leite et al., 2016) and highland Campos species (cf. Behling &
Negrelle, 2001), but available palaeoecological records show much more herb than forest pollen
(Bauermann, 2003; Behling & Negrelle, 2001; Carvalho do Amaral et al., 2012; Gu et al., 2017),
indicating that non-climatic factors likely dictated the distribution of these patches as they did with
AMF and Campos on the highlands. However, without detailed topographic data for the presently
submerged LGM coastal area, the precise spatial configuration of this LGM vegetation mosaic
cannot be determined.

4.3.  Context for a high-emissions future

Our results allow projected 21°*-Century changes in ecosystems’ distribution and composition to be
placed in a wider temporal context, highlighting just how drastic they could be. Having been stable
for millennia (Figs. 6-7; Arruda et al., 2017; Costa et al., 2017), for more than 100,000 km? of our
southern Atlantic Forest study area the coming decades may bring more dramatic climatic and
floristic change than has occurred at any time since the LGM (figs. 6, 9, S5-S8, S14, table S3). This is
especially true across highland areas from central Santa Catarina to southern Parang, which stand
to lose most of the AMF, Campos and Cloud Forest species that have been present on the highlands
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since before the LGM (figs. 6, Sg, S12; Behling et al., 2004). Our modelling suggests that these
future changes in species’ distributions will likely lead to the development of numerous plant
communities with few or no analogues in the present —and, in some cases, the past (figs. 8, S2).
Although modelling additional species will no doubt refine SDM characterisations of these
assemblages, our modelling results suggest that the predicted loss of many key species may
profoundly change the fundamental properties and character of these ecosystems, potentially
rendering them more vulnerable to invasive, non-native species.

We also find some indication that these climate change-induced alterations are already underway.
In the present day, our models place the lower boundaries of more cold-adapted floristic
assemblages at higher elevations than suggested by Brazil’s official vegetation classification, and
more warm-adapted groups extend higher up (fig. 5; IBGE, 2012). This could be an artifact of the
data used to construct our models, as extensive deforestation in the west of our study area (fig. 1)
has eradicated many climatically suitable localities for some species, which may have led the SDM
algorithms to assume conditions are unsuitable for them. The IFFSC’s systematic sampling
(Alexander Christian Vibrans et al., 2010, 2020) should mitigate against this, though, and AMF and
SDF species are not similarly affected, being respectively under- and over-predicted. It could also
reflect the fact that ecosystems’ current potential distributions were likely dictated by pre-industrial
climates somewhat different to those of the CHELSA data’s present period (1979-2013), which
includes recent decades’ anthropogenic warming (de Barros Soares et al., 2017; Karger et al.,
2017b). This mismatch between ‘present day’ climate data and when climate conditions were last
physiologically relevant may be non-trivial for ecosystems or long-lived tree species, and its impact
on SDMs warrants both consideration and research. Taken together, the apparent over-funder-
prediction of warm-/cold-adapted species could therefore be a genuine pattern resulting from the
inclusion of recent anthropogenic warming in ‘present’ climate data, which is likely to become
exacerbated through the 21% Century as the magnitude of climate change increases.

4.4. Implications for Conservation

Although our study reveals that southern Brazil's globally important Atlantic Forest is likely to be
severely impacted by future climate change, with major changes in species’ ranges and re-
assortment of species into highly novel plant communities, we suggest that our evidence for micro-
refugia of forest species under past unfavourable climatic conditions (e.g. the LGM) is cause for
cautious optimism about species’ resilience. Our palaeo modelling suggests that, as the atmosphere
warms and rainfall patterns change through the 21° Century, those landscape areas whose
topography supports microclimates decoupled from these broader, unfavourable climatic trends
are more likely to support species that would otherwise be lost (Dobrowski, 2011; Lenoir et al., 2017;
McLaughlin et al., 2017; Rull, 2009; Suggitt et al., 2018; Wilson et al., 2019). If protected from
habitat loss, these microrefugia can act as holdouts for climatically disadvantaged taxa and, if they
can endure long enough, can serve as source populations for future population expansions under
more favourable climates (Hannah et al., 2014). Our palaeoecological findings attest to the
possibility of such persistence, not only through records of species outside their predicted niche for
extended periods (as with Araucaria pollen at Buriti; see Section 4.2), but also with respect to time
lags between climate changes and large-scale vegetation responses (such as ARF’s expansion in the
lowlands; see Section 3.3.5). These response lags also illustrate why the geographic extent and
composition of the southern Atlantic Forest will be unlikely to have changed to the extent predicted
by the late 21 Century (2070s). Over the coming decades, range shifts, losses and new interspecific
associations and interactions will be set in motion, but not necessarily completed. However, the
repercussions of anthropogenic climate change will last millennia (Tierney et al., 2020), meaning
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that these ecosystem changes will become ‘baked in,” even as more continue to unfold into an ever
more uncertain future.

Our palaeoecological insights provide invaluable baselines which can help inform restoration or
conservation strategies, but they must be explicitly (and rationally) chosen and many historical
baseline landscapes may become unviable under future conditions (Barnosky et al., 2017; Dietl et
al., 2015; Loughlin et al., 2018; Rick & Lockwood, 2013; Willis et al., 2010). Under a high-emissions
scenario, future floristic assemblages in the southern Atlantic Forest will have few close analogues
from the last 21 millennia, possibly favouring ‘taxon-free’ conservation measures — prioritising
biodiversity per se or ecosystem function, structure or services, rather than the protection or
restoration of specific, historically known landscapes (Barnosky et al., 2017). Drastic increases in
atmospheric CO, concentrations will make structure-preserving measures particularly difficult in
Araucaria Mixed Forest-Campos mosaics — which, in contrast to our LGM reconstruction, will
increasingly favour forest over grassland (Fair et al., 2020; McElwain, 2018) —and will also impact
the structure, function and biodiversity of the biome’s other forests (Esquivel-Muelbert et al., 2019).
But regardless of the conservation approaches taken, a key task will be facilitating species’
individualistic movements in response to climate changes, including through forest restoration
(Rezende et al., 2018; Zwiener et al., 2017). This too will come with challenges, however: increasing
landscape connectivity amid anthropogenic climate change may erode endemic-rich marginal
habitats and aid biotic homogenisation across the Atlantic Forest (Neves et al., 2017; Zwiener et al.,
2018), and risks introducing competitor and antagonist species to populations sheltering in
microrefugia (Ashcroft et al., 2012).

4.5. Conclusions

Our findings show the value in combining species-level palaeo-distribution modelling with detailed
synthesis of palaeoecological proxy data. The results highlight that 21,000 years of continual
species reassortment in response to natural climate changes likely resulted in important
(occasionally palynologically silent) compositional changes within southern Atlantic Forest
ecosystems, as well as changes to their overall distributions. We demonstrate that different plant
communities of this globally-important biodiversity hotspot vary in the degree of species
reassortment they underwent in response to climate change since the LGM. Our analyses point to
highly novel species assemblages in both the past (in particular, the early Holocene, a period rarely
covered in other modelling studies) and future (late 21°* Century). Our close linkage of palaeo-SDMs
and proxy data provides important insights into the biome’s vegetation history even at periods that
have been well studied, revealing that, at the LGM, low atmospheric CO, concentrations (rather
than climate) confined (sub)tropical forest to microrefugia among expansive open grasslands across
highland plateaus, and that Araucaria Forest taxa persisted throughout the Holocene in the west of
our study area. Our models highlight a number of promising avenues for future research in southern
Brazil, including times and places where significant dynamics might be recorded in as-yet unstudied
sedimentary archives. Finally, this study puts into long-term context the magnitude of disruption
that unrestrained anthropogenic climate change could bring to parts of the Atlantic Forest over the
coming decades. Our findings suggest that the magnitude of plant species’ range shifts, and
associated floristic turnover, predicted to occur by 2070 due to anthropogenic global warming is
likely to have been unparalleled since at least the LGM, 21,000 years ago. We suggest that
conservation efforts in the southern Atlantic Forest take account of species reassortment in the face
of climate change, enhancing features which enable these distribution changes and protecting
areas likely to shelter (micro)refugia, to support species’ resilience.

158



Acknowledgements

Speleothem data were kindly provided by Francisco W. Cruz. This work made use of the Reading
Academic Computing Cloud. OJW thanks M. Jane Bunting (University of Hull) for logistical support
while undertaking this research. We thank Bronwen Whitney and an anonymous reviewer for their
comments which helped to improve this manuscript.

Author contributions

Conceptualisation: OJW, FEM. Methodology: OJW, RJW. Resources and data curation: OJW, DVL,
ACV. Software: OJW. Formal analysis: OJW. Investigation: OJW. Interpretation: OJW, FEM.
Supervision: FEM, RJW. Writing: original draft OJW; review and editing OJW, FEM, RJW, DVL, ACV;
visualisation OJW.

References

Alcantara dos Santos, J. C. (2013). Paleogeografia e Paleoambientes do Baixo Curso do Rio Ivai-PR.
Universidade Estadual de Maringa.

Allouche, O., Tsoar, A., & Kadmon, R. (2006). Assessing the accuracy of species distribution models:
Prevalence, kappa and the true skill statistic (TSS). Journal of Applied Ecology, 43(6), 1223—
1232. https://doi.org/10.1111/j.1365-2664.2006.01214.X

Alvares, C. A,, Stape, J. L., Sentelhas, P. C., De Moraes Gongalves, J. L., & Sparovek, G. (2013).
Koppen'’s climate classification map for Brazil. Meteorologische Zeitschrift, 22(6), 711—728.
https://doi.org/10.1127/0941-2948/2013/0507

Andrade, B. O., Bonilha, C. L., Ferreira, P. M. A,, Boldrini, I. I., & Overbeck, G. E. (2016). Highland
grasslands at the southern tip of the Atlantic Forest biome: management options and
conservation challenges. Oecologia Australis, 20(02), 37-61.
https://doi.org/10.4257/0€c0.2016.2002.04

Andrade, B. O., Bonilha, C. L., Overbeck, G. E., Vélez-Martin, E., Rolim, R. G., Bordignon, S. A. L.,
Schneider, A. A., Vogel Ely, C., Lucas, D. B., Garcia, E. N., dos Santos, E. D., Torchelsen, F. P.,
Vieira, M. S., Silva Filho, P. J. S., Ferreira, P. M. A,, Trevisan, R., Hollas, R., Campestrini, S.,
Pillar, V. D., & Boldrini, I. I. (2019). Classification of South Brazilian grasslands: Implications for
conservation. Applied Vegetation Science, 22(1), 168-184. https://doi.org/10.1111/avsc.12413

Arruda, D. M., Schaefer, C. E. G.R,, Fonseca, R. S., Solar, R.R. C., & Fernandes-Filho, E. . (2017).
Vegetation cover of Brazil in the last 21 ka: New insights into the Amazonian refugia and
Pleistocenic arc hypotheses. Global Ecology and Biogeography, August 2017, 47-56.
https://doi.org/10.1111/geb.12646

Asevedo, L., D'Apolito, C., Misumi, S. Y., Barros, M. A. de, Barth, O. M., & Avilla, L. dos S. (2020).
Palynological analysis of dental calculus from Pleistocene proboscideans of southern Brazil: A
new approach for paleodiet and paleoenvironmental reconstructions. Palaeogeography,
Palaeoclimatology, Palaeoecology, 540. https://doi.org/10.1016/j.palaeo.2019.109523

Ashcroft, M. B., Gollan, J. R., Warton, D. |., & Ramp, D. (2012). A novel approach to quantify and
locate potential microrefugia using topoclimate, climate stability, and isolation from the
matrix. Global Change Biology, 18(6), 1866—1879. https://doi.org/10.1111/j.1365-
2486.2012.02661.x

Auler, N. M. F., dos Reis, M. S., Guerra, M. P., & Nodari, R. O. (2002). The genetics and conservation
of Araucaria angustifolia: I. Genetic structure and diversity of natural populations by means of
non-adaptive variation in the state of Santa Catarina, Brazil. Genetics and Molecular Biology,

159



25(3), 329-338. https://doi.org/10.1590/S1415-47572002000300014

Barnosky, A. D., Hadly, E. A, Gonzalez, P., Head, J., Polly, P. D., Lawing, A. M., Eronen, J. T.,
Ackerly, D. D., Alex, K., Biber, E., Blois, J., Brashares, J., Ceballos, G., Davis, E., Dietl, G. P.,
Dirzo, R., Doremus, H., Fortelius, M., Greene, H. W., ... Zhang, Z. (2017). Merging paleobiology
with conservation biology to guide the future of terrestrial ecosystems. Science, 355(6325),
eaah4787. https://doi.org/10.1126/science.aah4787

Barros, M. J. F., Silva-Arias, G. A., Fregonezi, J. N., Turchetto-Zolet, A. C., Iganci, J. R. V, Diniz-Filho,
J.A.F., & Freitas, L. B. (2015). Environmental drivers of diversity in Subtropical Highland
Grasslands. Perspectives in Plant Ecology, Evolution and Systematics, 17(5), 360—368.
https://doi.org/10.1016/j.ppees.2015.08.001

Bauermann, S. G. (2003). Analises palinologicas e evolucao paleovegetacional e paleoambiental das
turfeiras de Barrocadas e Aguas Claras, Planicie Costeira do Rio Grande do Sul, Brasil.
Universidade Federal do Rio Grande do Sul.

Bauermann, S. G., Macedo, R. B., Behling, H., Pillar, V. de P., & Neves, P. C. P. das. (2008).
Dinamicas vegetacionais, climaticas e do fogo com base em palinologia e analise multivariada
no Quaternario tardio do sul do Brasil. Revista Brasileira de Paleontologia, 11(2), 87-96.
https://www.lume.ufrgs.br/bitstream/handle/10183/129167/000718815.pdf?sequence=1

Beck, H. E., Zimmermann, N. E., McVicar, T. R., Vergopolan, N., Berg, A., & Wood, E. F. (2018).
Present and future Koppen-Geiger climate classification maps at 1-km resolution. Scientific
Data, 5, 180214. https://doi.org/10.1038/sdata.2018.214

Behling, H. (1995). Investigations into the late Pleistocene and Holocene history of vegetation and
climate in Santa Catarina (S Brazil). Vegetation History and Archaeobotany, 4(3), 127-152.
https://doi.org/10.1007/BF00203932

Behling, H. (1997a). Late Quaternary vegetation, climate and fire history from the tropical mountain
region of Morro de Itapeva, SE Brazil. Palaeogeography, Palaeoclimatology, Palaeoecology,
129(3—4), 407—422. https://doi.org/10.1016/S0031-0182(97)88177-1

Behling, H. (1997b). Late Quaternary vegetation, climate and fire history of the Araucaria forest and
campos region from Serra Campos Gerais, Parana State (South Brazil). Review of
Palaeobotany and Palynology, 97(1), 109—121. https://doi.org/10.1016/S0034-6667(96)00065-6

Behling, H. (1998). Late Quaternary vegetational and climatic changes in Brazil. Review of
Palaeobotany and Palynology, 99(2), 143-156.

Behling, H. (2002). South and southeast Brazilian grasslands during Late Quaternary times: A
synthesis. Palaeogeography, Palaeoclimatology, Palaeoecology, 177(1—2), 19—27.
https://doi.org/10.1016/S0031-0182(01)00349-2

Behling, H. (2006). Late Quaternary vegetation, fire and climate dynamics of Serra do Aragatuba in
the Atlantic coastal mountains of Parana State, southern Brazil. Vegetation History and
Archaeobotany, 16(2—-3), 77-85. https://doi.org/10.1007/500334-006-0078-2

Behling, H., & de Oliveira, M. A. T. (2018). Evidence of a late glacial warming event and early
Holocene cooling in the southern Brazilian coastal highlands. Quaternary Research, 89(o1), 90—
102. https://doi.org/10.1017/qua.2017.87

Behling, H., & Negrelle, R. R. B. (2001). Tropical Rain Forest and Climate Dynamics of the Atlantic
Lowland, Southern Brazil, during the Late Quaternary. Quaternary Research, 56(03), 383—-389.
https://doi.org/10.1006/qres.2001.2264

160



Behling, H., & Negrelle, R. R. B. (2006). Vegetation and pollen rain relationship from the tropical
Atlantic rain forest in southern Brazil. Brazilian Archives of Biology and Tecnology, 49(July),
631-642. https://doi.org/10.1590/S1516-89132006000500013

Behling, H., Pillar, V. D., Orldci, L., & Bauermann, S. G. (2004). Late Quaternary Araucaria forest,
grassland (Campos), fire and climate dynamics, studied by high-resolution pollen, charcoal
and multivariate analysis of the Cambara do Sul core in southern Brazil. Palaeogeography,
Palaeoclimatology, Palaeoecology, 203(3—4), 277—-297. https://doi.org/10.1016/So031-
0182(03)00687-4

Behling, H., & Pillar, V. de P. (2007). Late Quaternary vegetation, biodiversity and fire dynamics on
the southern Brazilian highland and their implication for conservation and management of
modern Araucaria forest and grassland ecosystems. Philosophical Transactions of the Royal
Society B, 362(1478), 243—251. https://doi.org/10.1098/rstb.2006.1984

Bellard, C., Leclerc, C., Leroy, B., Bakkenes, M., Veloz, S., Thuiller, W., & Courchamp, F. (2014).
Vulnerability of biodiversity hotspots to global change. Global Ecology and Biogeography,
23(12), 1376-1386. https://doi.org/10.1111/geb.12228

Bergamin, R. S., Bastazini, V. A. G., Vélez-Martin, E., Debastiani, V., Zanini, K. J., Loyola, R., &
Miller, S. C. (2017). Linking beta diversity patterns to protected areas: lessons from the
Brazilian Atlantic Rainforest. Biodiversity and Conservation, 26(7), 1557-1568.
https://doi.org/10.1007/s10531-017-1315-y

Bergamin, R. S., Debastiani, V., Joner, D. C., Lemes, P., Guimaraes, T., Loyola, R. D., & Mdller, S. C.
(2019). Loss of suitable climatic areas for Araucaria forests over time. Plant Ecology & Diversity,
12(2), 115-126. https://doi.org/10.1080/17550874.2019.1618408

Bertoldo, E., Paisani, J. C., & Oliveira, P. E. de. (2014). Registro de Floresta Ombrdfila Mista nas
regides sudoeste e sul do Estado do Parang, Brasil, durante o Pleistoceno / Holoceno.
Hoehnea, 1(41), 1-8. http://www.scielo.br/pdf/hoehnea/v4ini/o1.pdf

Bertoncello, R., Yamamoto, K., Meireles, L. D., & Shepherd, G. J. (2011). A phytogeographic analysis
of cloud forests and other forest subtypes amidst the Atlantic forests in south and southeast
Brazil. Biodiversity and Conservation, 20(14), 3413—3433. https://doi.org/10.1007/s10531-011-
0129-6

Bissa, W. M., & de Toledo, M. B. (2015). Late Quaternary Vegetational Changes in a Marsh Forest in
Southeastern Brazil with Comments on Prehistoric Human Occupation. Radiocarbon, 57(5),
737-753. https://doi.org/10.2458/azu_rc.57.18198

Blaauw, M., & Christen, J. A. (2011). Flexible paleoclimate age-depth models using an
autoregressive gamma process. Bayesian Analysis, 6(3), 457—474. https://doi.org/10.1214/11-
BA618

Blaauw, M., Christen, J. A,, Aquino L., M. A, Esquivel Vazquez, J., Gonzalez, O. M. V., Belding, T,
Theiler, J., Gough, B., & Karney, C. (2020). rbacon: Age-Depth Modelling using Bayesian
Statistics (R package version 2.4.2). https://cran.r-project.org/package=rbacon

Brown, J. L., Paz, A, Reginato, M., Renata, C. A,, Assis, C., Lyra, M., Caddah, M. K., Aguirre-
Santoro, J., d’'Horta, F., Raposo do Amaral, F., Goldenberg, R., Lucas Silva-Brandao, K.,
Freitas, A. V. L., Rodrigues, M. T., Michelangeli, F. A., Miyaki, C. Y., & Carnaval, A. C. (2020).
Seeing the forest through many trees: Multi-taxon patterns of phylogenetic diversity in the
Atlantic Forest hotspot. Diversity and Distributions, 26(9), 1160-1176.
https://doi.org/10.1111/ddi.13116

161



Bush, M. B. (1995). Neotropical Plant Reproductive Strategies and Fossil Pollen Representation. The
American Naturalist, 145(4), 594—609. https://doi.org/10.1086/285757

Bush, M. B., De Oliveira, P. E., Colinvaux, P. A., Miller, M. C., & Moreno, J. E. (2004). Amazonian
paleoecological histories: one hill, three watersheds. Palaeogeography, Palaeoclimatology,
Palaeoecology, 214(4), 359—-393. https://doi.org/10.1016/j.palae0.2004.07.031

Calegari, M. R. (2008). Ocorréncia e significado paleoambiental do Horizonte A humico em Latossolos.
Universidade de Sao Paulo.

Cancelli, R. R. (2012). Evolugdo paleoambiental da Planicie Costeira sul- catarinense (Lagoa do
Sombrio) durante o Holoceno, com base em dados palinoldgicos. Universidade Federal do Rio
Grande do Sul.

Cardenas, M. L., Wilson, O. J., Schorn, L. A., Mayle, F. E., & Iriarte, J. (2019). A quantitative study of
modern pollen-vegetation relationships in southern Brazil's Araucaria forest. Review of
Palaeobotany and Palynology, 265, 27—40. https://doi.org/10.1016/].revpalbo.2019.03.003

Carlson, A. E., Oppo, D. W., Came, R. E., LeGrande, A. N., Keigwin, L. D., & Curry, W. B. (2008).
Subtropical Atlantic salinity variability and Atlantic meridional circulation during the last
deglaciation. Geology, 36(12), 991. https://doi.org/10.1130/G25080A.1

Carnaval, A. C., & Moritz, C. (2008). Historical climate modelling predicts patterns of current
biodiversity in the Brazilian Atlantic forest. Journal of Biogeography, 35(7), 1187-1201.
https://doi.org/10.1111/j.1365-2699.2007.01870.X

Carnaval, A. C., Waltari, E., Rodrigues, M. T., Rosauer, D., VanDerWal, J., Damasceno, R., Prates, I.,
Strangas, M., Spanos, Z., Rivera, D., Pie, M. R., Firkowski, C. R., Bornschein, M. R., Ribeiro, L.
F., & Moritz, C. (2014). Prediction of phylogeographic endemism in an environmentally
complex biome. Proceedings of the Royal Society B: Biological Sciences, 281(1792), 20141461~
20141461. https://doi.org/10.1098/rspb.2014.1461

Carvalho do Amaral, P. G., Fonseca Giannini, P. C., Sylvestre, F., & Ruiz Pessenda, L. C. (2012).
Paleoenvironmental reconstruction of a Late Quaternary lagoon system in southern Brazil
(Jaguaruna region, Santa Catarina state) based on multi-proxy analysis. Journal of Quaternary
Science, 27(2), 181—191. https://doi.org/10.1002/jqgs.1531

Cecchet, F. A. (2015). Andlise de Fitdlitos Aplicada a Reconstrugdo Paleoambiental (Vegetacdo e
Clima) na Superficie Incompletamente Aplainada VI - Campo Eré (SC) no Pleistoceno Tardio (Issue
45). Universidade Estadual do Oeste do Parana.

Chiessi, C. M., Mulitza, S., Groeneveld, J., Silva, J. B., Campos, M. C., & Gurgel, M. H. C. (2014).
Variability of the Brazil Current during the late Holocene. Palaeogeography, Palaeoclimatology,
Palaeoecology, 415, 28—36. https://doi.org/10.1016/j.palaeo.2013.12.005

Chiessi, C. M., Mulitza, S., Mollenhauer, G., Silva, J. B., Groeneveld, J., & Prange, M. (2015). Thermal
evolution of the western South Atlantic and the adjacent continent during Termination 1.
Climate of the Past, 11(6), 915-929. https://doi.org/10.5194/cp-11-915-2015

Colinvaux, P. A., Bush, M. B., Steinitz-Kannan, M., & Miller, M. C. (1997). Glacial and Postglacial
Pollen Records from the Ecuadorian Andes and Amazon. Quaternary Research, 48(1), 69—78.
https://doi.org/10.1006/qres.1997.1908

Colinvaux, P. A., De Oliveira, P. E., & Bush, M. B. (2000). Amazonian and neotropical plant
communities on glacial time-scales: The failure of the aridity and refuge hypotheses.
Quaternary Science Reviews, 19(1-5), 141-169. https://doi.org/10.1016/S0277-3791(99)00059-1

162



Colombo, A. F., & Joly, C. A. (2010). Brazilian Atlantic Forest lato sensu: the most ancient Brazilian
forest, and a biodiversity hotspot, is highly threatened by climate change. Brazilian Journal of
Biology, 70(3 Suppl), 697—708. https://doi.org/10.1590/S1519-69842010000400002

Cooper, J. A. G, Meireles, R. P., Green, A. N., Klein, A. H. F., & Toldo, E. E. (2018). Late Quaternary
stratigraphic evolution of the inner continental shelf in response to sea-level change, Santa
Catarina, Brazil. Marine Geology, 397, 1-14. https://doi.org/10.1016/j.margeo.2017.11.011

Costa, G. C.,, Hampe, A., Ledru, M. P., Martinez, P. A., Mazzochini, G. G., Shepard, D. B., Werneck,
F.P., Moritz, C., & Carnaval, A. C. (2017). Biome stability in South America over the last 30 kyr:
Inferences from long-term vegetation dynamics and habitat modelling. Global Ecology and
Biogeography, August 2017, 285—297. https://doi.org/10.1111/geb.12694

Cruz, F.W., Burns, S. J., Jercinovic, M., Karmann, I., Sharp, W. D., & Vuille, M. (2007). Evidence of
rainfall variations in Southern Brazil from trace element ratios (Mg/Ca and Sr/Ca) in a Late
Pleistocene stalagmite. Geochimica et Cosmochimica Acta, 71(9), 2250—2263.
https://doi.org/10.1016/j.gca.2007.02.005

Cruz, F.W., Burns, S. J., Karmann, I., Sharp, W. D., & Vuille, M. (2006). Reconstruction of regional
atmospheric circulation features during the late Pleistocene in subtropical Brazil from oxygen
isotope composition of speleothems. Earth and Planetary Science Letters, 248(1—2), 495-507.
https://doi.org/10.1016/j.epsl.2006.06.019

Cruz, F. W., Burns, S. J., Karmann, I., Sharp, W. D., Vuille, M., Cardoso, A. O., Ferrari, J. A, Silva
Dias, P. L., & Viana, O. (2005). Insolation-driven changes in atmospheric circulation over the
past 116,000 years in subtropical Brazil. Nature, 434(7029), 63-66.
https://doi.org/10.1038/nature03365

Daniau, A.-L., Desprat, S., Aleman, J. C,, Bremond, L., Davis, B., Fletcher, W., Marlon, J.R,,
Marquer, L., Montade, V., Morales-Molino, C., Naughton, F., Rius, D., & Urrego, D. H. (2019).
Terrestrial plant microfossils in palaeoenvironmental studies, pollen, microcharcoal and
phytolith. Towards a comprehensive understanding of vegetation, fire and climate changes
over the past one million years. Revue de Micropaléontologie, 63, 1-35.
https://doi.org/10.1016/j.revmic.2019.02.001

Dauner, A. L. L., Mollenhauer, G., Bicego, M. C., de Souza, M. M., Nagai, R. H., Figueira, R. C. L., de
Mahiques, M. M., Sousa, S. H. de M. e., & Martins, C. C. (2019). Multi-proxy reconstruction of
sea surface and subsurface temperatures in the western South Atlantic over the last ~75 kyr.
Quaternary Science Reviews, 215, 22—34. https://doi.org/10.1016/j.quascirev.2019.04.020

Davis, M. B. (2983). Quaternary History of Deciduous Forests of Eastern North America and Europe.
Annals of the Missouri Botanical Garden, 70(3), 550. https://doi.org/10.2307/2992086

Davis, M. B., & Shaw, R. G. (2001). Range shifts and adaptive responses to quaternary climate
change. Science, 292(5517), 673—679. https://doi.org/10.1126/science.292.5517.673

de Barros Soares, D., Lee, H., Loikith, P. C., Barkhordarian, A., & Mechoso, C. R. (2017). Can
significant trends be detected in surface air temperature and precipitation over South America
in recent decades? International Journal of Climatology, 37(3), 1483-1493.
https://doi.org/10.1002/joc.4792

de Mahiques, M. M., de Mello e Sousa, S. H., Furtado, V. V., Tessler, M. G., de Lima Toledo, F. A.,
Burone, L., Figueira, R. C. L., Klein, D. A., Martins, C. C., & Alves, D. P. V. (2010). The Southern
Brazilian shelf: General characteristics, quaternary evolution and sediment distribution.
Brazilian Journal of Oceanography, 58(SPEC. ISSUE 2), 25-34.
https://doi.org/doi.10.1590/51679-87592010000600004

163



de Oliveira, M. A. T., Behling, H., Pessenda, L. C. R., & de Lima, G. L. (2008). Stratigraphy of near-
valley head quaternary deposits and evidence of climate-driven slope-channel processes in
southern Brazilian highlands. Catena, 75(1), 77-92.
https://doi.org/10.1016/j.catena.2008.04.003

De Oliveira, P. E. (1992). A Palynological record of Late Quaternary vegetational and climatic change
in southeastern Brazil. Ohio State University.

De Oliveira, P. E., Raczka, M., McMichael, C. N. H., Pinaya, J. L. D., & Bush, M. B. (2020). Climate
change and biogeographic connectivity across the Brazilian cerrado. Journal of Biogeography,
47(2), 396—407. https://doi.org/10.1111/jbi.13732

de Sousa, V. A, Reeves, P. A, Reilley, A., de Aguiar, A. V., Stefenon, V. M., & Richards, C. M. (2020).
Genetic diversity and biogeographic determinants of population structure in Araucaria
angustifolia (Bert.) O. Ktze. Conservation Genetics, 21(2), 217-229.
https://doi.org/10.1007/s10592-019-01242-9

Dietl, G. P., Kidwell, S. M., Brenner, M., Burney, D. A, Flessa, K. W., Jackson, S. T., & Koch, P. L.
(2015). Conservation Paleobiology: Leveraging Knowledge of the Past to Inform Conservation
and Restoration. Annual Review of Earth and Planetary Sciences, 43(1), 79-103.
https://doi.org/10.1146/annurev-earth-040610-133349

Dobrowski, S. Z. (2011). A climatic basis for microrefugia: The influence of terrain on climate. Global
Change Biology, 17(2), 1022-1035. https://doi.org/10.1111/j.1365-2486.2010.02263.x

Duarte, L. D. S., Bergamin, R. S., Marcilio-Silva, V., Seger, G. D. D. S., & Marques, M. C. M. (2014).
Phylobetadiversity among forest types in the Brazilian Atlantic Forest complex. PLoS ONE,
9(8). https://doi.org/10.1371/journal.pone.0105043

Dumig, A., Schad, P., Rumpel, C., Dignac, M. F., & Kdgel-Knabner, I. (2008). Araucaria forest
expansion on grassland in the southern Brazilian highlands as revealed by 14C and 13C
studies. Geoderma, 145(1—2), 143-157. https://doi.org/10.1016/j.geoderma.2007.06.005

Esquivel-Muelbert, A., Baker, T. R., Dexter, K. G., Lewis, S. L., Brienen, R. J. W., Feldpausch, T.R.,
Lloyd, J., Monteagudo-Mendoza, A., Arroyo, L., Alvarez-Davila, E., Higuchi, N., Marimon, B.
S., Marimon-Junior, B. H., Silveira, M., Vilanova, E., Gloor, E., Malhi, Y., Chave, J., Barlow, J,, ...
Phillips, O. L. (2019). Compositional response of Amazon forests to climate change. Global
Change Biology, 25(1), 39—-56. https://doi.org/10.1111/gcb.14413

Esser, L. F., Neves, D. M., & Jarenkow, J. A. (2019). Habitat-specific impacts of climate change in the
Mata Atlantica biodiversity hotspot. Diversity and Distributions, 25(12), 1846—1856.
https://doi.org/10.1111/ddi.12984

Fair, K. R., Anand, M., & Bauch, C. T. (2020). Spatial structure in protected forest-grassland mosaics:
Exploring futures under climate change. Global Change Biology, 26(11), 6097-6115.
https://doi.org/10.1111/gcb.15288

Falkenberg, D. de B., & Voltolini, J. C. (1993). The Montane Cloud Forest in Southern Brazil. In L.
Hamilton, J. . Juvik, & F.. Scatena (Eds.), Tropical Montane Cloud Forests (Vol. 110, pp. 86-93).
East-West Centre. https://doi.org/10.1007/978-1-4612-2500-3

Ferrer-Paris, J. R., Zager, |., Keith, D. A., Oliveira-Miranda, M. A, Rodriguez, J. P., Josse, C.,
Gonzalez-Gil, M., Miller, R. M., Zambrana-Torrelio, C., & Barrow, E. (2019). An ecosystem risk
assessment of temperate and tropical forests of the Americas with an outlook on future
conservation strategies. Conservation Letters, 12(2), €12623. https://doi.org/10.1111/conl.12623

Fitzpatrick, M. C., Blois, J. L., Williams, J. W., Nieto-Lugilde, D., Maguire, K. C., & Lorenz, D. J.

164



(2018). How will climate novelty influence ecological forecasts? Using the Quaternary to assess
future reliability. Global Change Biology, 24(8), 3575-3586. https://doi.org/10.1111/gcb.14138

Flantua, S. G. A., Hooghiemstra, H., Grimm, E. C., Behling, H., Bush, M. B., Gonzélez-Arango, C.,
Gosling, W. D., Ledru, M. P., Lozano-Garcia, S., Maldonado, A., Prieto, A.R., Rull, V., & Van
Boxel, J. H. (2015). Updated site compilation of the Latin American Pollen Database. Review of
Palaeobotany and Palynology, 223, 104—-115. https://doi.org/10.1016/j.revpalbo.2015.09.008

Fordham, D. A, Saltré, F., Brown, S. C., Mellin, C., & Wigley, T. M. L. (2018). Why decadal to century
timescale palaeoclimate data are needed to explain present-day patterns of biological
diversity and change. Global Change Biology, 24(3), 1371-1381.
https://doi.org/10.1111/gcb.13932

Fordham, D. A, Saltré, F., Haythorne, S., Wigley, T. M. L., Otto-Bliesner, B. L., Chan, K. C., & Brook,
B. W. (2017). PaleoView: A tool for generating continuous climate projections spanning the
last 21 000 years at regional and global scales. Ecography, March, 1—11.
https://doi.org/10.1111/ec0g.03031

Fourcade, Y., Besnard, A. G., & Secondi, J. (2017). Paintings predict the distribution of species, or
the challenge of selecting environmental predictors and evaluation statistics. Global Ecology
and Biogeography, October. https://doi.org/10.1111/geb.12684

Francisquini, M. ., Lorente, F. L., Ruiz Pessenda, L. C., Buso Junior, A. A, Mayle, F. E., Lisboa
Cohen, M. C,, Franga, M. C., Bendassolli, J. A., Fonseca Giannini, P. C., Schiavo, J. A, &
Macario, K. (2020). Cold and humid Atlantic Rainforest during the last glacial maximum,
northern Espirito Santo state, southeastern Brazil. Quaternary Science Reviews, 244.
https://doi.org/10.1016/j.quascirev.2020.106489

Gasper, A. L. de, Uhlmann, A,, Vibrans, A. C., Sevegnani, L., & Meyer, L. (2012). Grupos floristicos
estruturais da Floresta Estacional Decidual em Santa Catarina. In A.C. Vibrans, L. Sevegnani,
A.L.de Gasper, &D. V. Lingner (Eds.), Inventdrio Floristico Florestal de Santa Catarina, Vol. Il,
Floresta Estacional Decidual. (pp. 129-140). Edifurb.

Gerhart, L. M., & Ward, J. K. (2010). Plant responses to low [CO2] of the past. New Phytologist,
188(3), 674—695. https://doi.org/10.1111/j.1469-8137.2010.03441.X

Gu, F., Zonneveld, K. A. F., Chiessi, C. M., Arz, H. W., Patzold, J., & Behling, H. (2017). Long-term
vegetation, climate and ocean dynamics inferred from a 73,500 years old marine sediment
core (GeoB2107-3) off southern Brazil. Quaternary Science Reviews, 172, 55—71.
https://doi.org/10.1016/j.quascirev.2017.06.028

Guarinello de Oliveira Portes, M. C., DeForest Safford, H., Montade, V., & Behling, H. (2020). Pollen
rain—vegetation relationship along an elevational gradient in the Serra dos Orgdos National
Park, southeastern Brazil. Review of Palaeobotany and Palynology, 283, 104314.
https://doi.org/10.1016/j.revpalbo.2020.104314

Haberle, S. G., & Maslin, M. A. (1999). Late Quaternary Vegetation and Climate Change in the
Amazon Basin Based on a 50,000 Year Pollen Record from the Amazon Fan, ODP Site 932.
Quaternary Research, 51(1), 27-38. https://doi.org/10.1006/qres.1998.2020

Hannah, L., Flint, L., Syphard, A. D., Moritz, M. A., Buckley, L. B., & McCullough, I. M. (2014). Fine-
grain modeling of species’ response to climate change: holdouts, stepping-stones, and
microrefugia. Trends in Ecology & Evolution, 29(7), 390—397.
https://doi.org/10.1016/j.tree.2014.04.006

Hermanowski, B., da Costa, M. L., & Behling, H. (2012). Environmental changes in southeastern

165



Amazonia during the last 25,000yr revealed from a paleoecological record. Quaternary
Research, 77(1), 138-148. https://doi.org/10.1016/j.yqres.2011.10.009

Hidalgo, H. G., & Alfaro, E. J. (2015). Skill of CMIP5 climate models in reproducing 2oth century
basic climate features in Central America. International Journal of Climatology, 35(12), 3397—
3421. https://doi.org/10.1002/joc.4216

Higuchi, P., da Silva, A. C., de Almeida, J. A., Bortoluzzi, R. L. da C., Mantovani, A., Ferreira, T.de S.,
de Souza, S. T., Gomes, J. P., & da Silva, K. M. (2013). Floristica e estrutura do componente
arbdreo e analise ambiental de um fragmento de floresta ombrofila mista alto-montana no
Municipio de Painel, SC. Ciencia Florestal, 23(1), 153-164.
https://doi.org/10.1177/0272989X07302131

Higuchi, P., Silva, A. C. da, Sousa-Ferreira, T., Souza, S. T. de, Pereira-Gomes, J., Silva, K. M. da, &
Santos, K. F. do. (2012). Floristic composition and phytogeography of the tree component of
Araucaria Forest fragments in southern Brazil. Brazilian Journal of Botany, 35(2), 145-157.
https://doi.org/10.1590/S1806-99592012000200004

Horak-Terra, I., Cortizas, A. M., Da Luz, C. F. P., Silva, A. C., Mighall, T., De Camargo, P.B.,
Mendonca-Filho, C. V., De Oliveira, P. E., Cruz, F. W., & Vidal-Torrado, P. (2020). Late
Quaternary vegetation and climate dynamics in central-eastern Brazil: insights from a ~35k cal
a bp peat record in the Cerrado biome. Journal of Quaternary Science, 35(5), 664-676.
https://doi.org/10.1002/jqgs.3209

Hueck, K. (1953). Distribuicao e habitat natural do Pinheiro do Parana (Araucaria angustifolia).
Boletim Da Faculdade de Filosofia, Ciéncias e Letras, Universidade de Sdo Paulo., 10, 5—24.
https://doi.org/10.11606/issn.2318-5988.v10i1p5-24

IBGE - Instituto Brasileiro de Geografia e Estatistica. (2012). Manual Técnico da Vegetacao
Brasileira. In Manuais Técnicos em Geociéncias (2nd ed., Vol. 1).
https://biblioteca.ibge.gov.br/visualizacao/livros/liv63011.pdf

Iganci, J. R. V, Heiden, G., Miotto, S. T. S., & Pennington, R. T. (2011). Campos de Cima da Serra:
The Brazilian Subtropical Highland Grasslands show an unexpected level of plant endemism.
Botanical Journal of the Linnean Society, 167(4), 378—393. https://doi.org/10.1111/j.1095-
8339.2011.01182.x

Jackson, S. T., & Blois, J. L. (2015). Community ecology in a changing environment: Perspectives
from the Quaternary. Proceedings of the National Academy of Sciences of the United States of
America, 112(16), 4915-4921. https://doi.org/10.1073/pnas.1403664111

Jan, F., Schiler, L., & Behling, H. (2015). Trends of pollen grain size variation in C3 and C4 Poaceae
species using pollen morphology for future assessment of grassland ecosystem dynamics.
Grana, 54(2), 129—145. https://doi.org/10.1080/00173134.2014.966754

Jeske-Pieruschka, V., & Behling, H. (2012). Palaeoenvironmental history of the Sao Francisco de
Paula region in southern Brazil during the late Quaternary inferred from the Rincdo das
Cabritas core. The Holocene, 22(11), 1251-1262. https://doi.org/10.1177/0959683611414930

Jeske-Pieruschka, V., Fidelis, A., Bergamin, R. S., Vélez, E., & Behling, H. (2010). Araucaria forest
dynamics in relation to fire frequency in southern Brazil based on fossil and modern pollen
data. Review of Palaeobotany and Palynology, 160(1—2), 53—65.
https://doi.org/10.1016/].revpalbo.2010.01.005

Jeske-Pieruschka, V., Pillar, V. D., de Oliveira, M. A. T., & Behling, H. (2013). New insights into
vegetation, climate and fire history of southern Brazil revealed by a 40,000 year environmental

166



record from the State Park Serra do Tabuleiro. Vegetation History and Archaeobotany, 22(z),
299-314. https://doi.org/10.1007/500334-012-0382-y

Kalinovski, E. C. Z., Parolin, M., & de Souza Filho, E. E. (2016). Paleoambientes quaternarios da
planicie do rio lapd, Castro, Parana. Revista Brasileira de Geografia Fisica, 9(5), 1543—1558.
https://doi.org/10.26848/rbgf.v9.5.p1543-1558

Karger, D. N., Conrad, O., Béhner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W., Zimmermann, N. E.,
Linder, H. P., & Kessler, M. (2017a). Data from: Climatologies at high resolution for the earth’s
land surface areas. Dryad Digital Repository.
https://doi.org/https://doi.org/10.5061/dryad.kd1ds

Karger, D. N., Conrad, O., Béhner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W., Zimmermann, N. E.,
Linder, H. P., & Kessler, M. (2017b). Climatologies at high resolution for the earth’s land
surface areas. Scientific Data, 4, 170122. https://doi.org/10.1038/sdata.2017.122

Kaufman, D., McKay, N., Routson, C., Erb, M., Davis, B., Heiri, O., Jaccard, S., Tierney, J., Datwyler,
C., Axford, Y., Brussel, T., Cartapanis, O., Chase, B., Dawson, A., de Vernal, A., Engels, S.,
Jonkers, L., Marsicek, J., Moffa-Sanchez, P., ... Zhilich, S. (2020). A global database of
Holocene paleotemperature records. Scientific Data, 7(1), 115. https://doi.org/10.1038/s41597-

020-0445-3

Klein, R. M. (2975). Southern Brazilian phytogeographic features and the probable influence of
upper Quaternary climatic changes in the floristic distribution. Boletim Paranaense de
Geociéncias, 33, 67-88.

Lauterjung, M. B., Bernardi, A. P., Montagna, T., Candido-Ribeiro, R., da Costa, N. C. F., Mantovani,
A., & dos Reis, M. S. (2018). Phylogeography of Brazilian pine (Araucaria angustifolia):
integrative evidence for pre-Columbian anthropogenic dispersal. Tree Genetics & Genomes,
14(3), 36. https://doi.org/10.1007/511295-018-1250-4

Leal, M. G., & Lorscheitter, M. L. (2007). Plant succession in a forest on the Lower Northeast Slope
of Serra Geral, Rio Grande do Sul, and Holocene palaeoenvironments, Southern Brazil. Acta
Botanica Brasilica, 21(1), 1—10. https://doi.org/10.1590/50102-33062007000100001

Ledo, R. M. D., & Colli, G. R. (2017). The historical connections between the Amazon and the
Atlantic Forest revisited. Journal of Biogeography, 44(11), 2551-2563.
https://doi.org/10.1111/jbi.13049

Ledru, M.-P., Montade, V., Blanchard, G., & Hély, C. (2016). Long-term Spatial Changes in the
Distribution of the Brazilian Atlantic Forest. Biotropica, 48(2), 159-169.
https://doi.org/10.1111/btp.12266

Ledru, M.-P., Salatino, M. L. F., Ceccantini, G., Salatino, A., Pinheiro, F., & Pintaud, J.-C. (2007).
Regional assessment of the impact of climatic change on the distribution of a tropical conifer
in the lowlands of South America. Diversity and Distributions, 13(6), 761—771.
https://doi.org/10.1111/j.1472-4642.2007.00389.x

Leite, Y. L.R,, Costa, L. P,, Loss, A. C,, Rocha, R. G., Batalha-Filho, H., Bastos, A. C., Quaresma, V.
S., Fagundes, V., Paresque, R., Passamani, M., & Pardini, R. (2016). Neotropical forest
expansion during the last glacial period challenges refuge hypothesis. Proceedings of the
National Academy of Sciences, 113(4), 1008—1013. https://doi.org/10.1073/pnas.1513062113

Lenoir, J., Hattab, T., & Pierre, G. (2017). Climatic microrefugia under anthropogenic climate
change: implications for species redistribution. Ecography, 40(2), 253—-266.
https://doi.org/10.1111/ec0g.02788

167



Leonhardt, A., & Lorscheitter, M. L. (2010). The last 25,000 years in the Eastern Plateau of Southern
Brazil according to Alpes de Sao Francisco record. Journal of South American Earth Sciences,
29(2), 454—463. https://doi.org/10.1016/j.jsames.2009.09.003

Lima, W.J.S., Cohen, M. C. L., Rossetti, D. F., & Franca, M. C. (2018). Late Pleistocene glacial forest
elements of Brazilian Amazonia. Palaeogeography, Palaeoclimatology, Palaeoecology, 490,
617-628. https://doi.org/10.1016/j.palaeo.2017.11.050

Lingner, D. V., Schorn, L. A,, Vibrans, A. C., Meyer, L., Sevegnani, L., Gasper, A. L. de, Sobral, M. G.,
Kriger, A., Klemz, G., Schmidt, R., Anastacio Junior, C., & Pasqualli, V. R. (2013).
Fitossociologia do componente arbdreo/arbustivo da Floresta Ombrofla Densa no Estado de
Santa Catarina. In A.C. Vibrans, L. Sevegnani, A. L. de Gasper, & D. V. Lingner (Eds.),
Inventdrio Floristico Florestal de Santa Catarina, Vol. IV, Floresta Ombréfla Densa. (pp. 159—
200). Edifurb.

Lingner, D. V., Sevegnani, L., Gasper, A. L. de, Uhlmann, A., & Vibrans, A. C. (2013). Grupos
floristicos estruturais da Floresta Ombrofla Densa em Santa Catarina. In A.C. Vibrans, L.
Sevegnani, A. L. de Gasper, & D. V. Lingner (Eds.), Inventdrio Floristico Florestal de Santa
Catarina, Vol. 1V, Floresta Ombréfla Densa. (pp. 143-157). Edifurb.

Lopes, R. P., & Buchmann, F. S. (2011). Pleistocene mammals from the southern Brazilian
continental shelf. Journal of South American Earth Sciences, 31(1), 17-27.
https://doi.org/10.1016/j.jsames.2010.11.003

Lorenz, D. J., Nieto-Lugilde, D., Blois, J. L., Fitzpatrick, M. C., & Williams, J. W. (2016). Downscaled
and debiased climate simulations for North America from 21,000 years ago to 2100AD.
Scientific Data, 3(1), 160048. https://doi.org/10.1038/sdata.2016.48

Lorscheitter, M. L., & Dillenburg, S. R. (1998). Holocene Palaeoenvironments Of The Northern
coastal plain Of Rio Grande do Sul, Brazil, reconstructed from paly .... In J. Rabassa & M.
Salemme (Eds.), Quaternary of South America and Antarctic Peninsula. A.A. Balkema.

Loughlin, N. J. D., Gosling, W. D., Mothes, P., & Montoya, E. (2018). Ecological consequences of
post-Columbian indigenous depopulation in the Andean—Amazonian corridor. Nature Ecology
& Evolution, 2(8), 1233—1236. https://doi.org/10.1038/s41559-018-0602-7

Lovino, M. A., Miller, O. V, Berbery, E. H., & Miiller, G. V. (2018). Evaluation of CMIP5 retrospective
simulations of temperature and precipitation in northeastern Argentina. International Journal
of Climatology, 38, e1158—e1175. https://doi.org/10.1002/joc.5441

Macedo, R. B., Cancelli, R. R., Bauermann, S. G., Bordignon, S. A. de L., & Neves, P. C. P. das.
(2007). Palinologia de niveis do Holoceno da Planicie Costeira do Rio Grande do Sul (localidade
de Passinhos), Brasil. Gaea - Journal of Geoscience, 3(2), 68-74.
http://www.ulbra.br/palinologia/artigo_2007.pdf

Maguire, K. C., Nieto-Lugilde, D., Blois, J. L., Fitzpatrick, M. C., Williams, J. W., Ferrier, S., & Lorenz,
D. J. (2016). Controlled comparison of species- and community-level models across novel
climates and communities. Proceedings of the Royal Society B: Biological Sciences, 283(1826),
20152817. https://doi.org/10.1098/rspb.2015.2817

Maksic, J., Shimizu, M. H., de Oliveira, G. S., Venancio, I. M., Cardoso, M., & Ferreira, F. A. (2019).
Simulation of the Holocene climate over South America and impacts on the vegetation.
Holocene, 29(2), 287-299. https://doi.org/10.1177/0959683618810406

Mayle, F. E., Beerling, D. J., Gosling, W. D., & Bush, M. B. (2004). Responses of Amazonian
ecosystems to climatic and atmospheric carbon dioxide changes since the last glacial

168



maximum. Philosophical Transactions of the Royal Society of London. Series B: Biological
Sciences, 359(1443), 499—514. https://doi.org/10.1098/rstb.2003.1434

McElwain, J. C. (2018). Paleobotany and Global Change: Important Lessons for Species to Biomes
from Vegetation Responses to Past Global Change. Annual Review of Plant Biology, 69(1), 761—
787. https://doi.org/10.1146/annurev-arplant-042817-040405

McLaughlin, B. C., Ackerly, D. D., Klos, P. Z., Natali, J., Dawson, T. E., & Thompson, S. E. (2017).
Hydrologic refugia, plants, and climate change. Global Change Biology, 23(8), 2941—2961.
https://doi.org/10.1111/gcb.13629

Meyer, L., Sevegnani, L., Gasper, A. L. de, Schorn, L. A., Vibrans, A. C., Lingner, D. V., Sobral, M. G.,
Klemz, G., Schmdt, R., Anastacio Junior, C., & Brongi, E. (2013). Fitossociologia do
componente arbodreo/arbustivo da Floresta Ombrdfila Mista em Santa Catarina. In A.C.
Vibrans, L. Sevegnani, A. L. de Gasper, & D. V. Lingner (Eds.), Inventdrio Floristico Florestal de
Santa Catarina, Vol. lll, Floresta Ombrdfila Mista. (pp. 157-189). Edifurb.

Montade, V., Ledru, M.-P., Giesecke, T., Flantua, S. G., Behling, H., & Peyron, O. (2019). A new
modern pollen dataset describing the Brazilian Atlantic Forest. The Holocene, 29(8), 1253—
1262. https://doi.org/10.1177/0959683619846981

Mdller, S. C., Overbeck, G. E., Blanco, C. C,, de Oliveira, J. M., & Pillar, V. D. (2012). South Brazilian
Forest-Grassland Ecotones: Dynamics Affected by Climate, Disturbance, and Woody Species
Traits. In R. W. Myster (Ed.), Ecotones Between Forest and Grassland (Vol. 9781461437, pp. 167-
187). Springer New York. https://doi.org/10.1007/978-1-4614-3797-0_7

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B, & Kent, J. (2000). Biodiversity
hotspots for conservation priorities. Nature, 403(6772), 853-858.
https://doi.org/10.1038/35002501

Neves, D. M., Dexter, K. G., Pennington, R. T., Valente, A. S. M., Bueno, M. L., Eisenlohr, P. V.,
Fontes, M. A. L., Miranda, P. L. S., Moreira, S. N., Rezende, V. L., Saiter, F. Z., & Oliveira-Filho,
A.T.(2017). Dissecting a biodiversity hotspot: The importance of environmentally marginal
habitats in the Atlantic Forest Domain of South America. Diversity and Distributions, 23(8),
898-909. https://doi.org/10.1111/ddi.12581

Nieto-Lugilde, D., Maguire, K. C., Blois, J. L., Williams, J. W., & Fitzpatrick, M. C. (2018).
Multiresponse algorithms for community-level modelling: Review of theory, applications, and
comparison to species distribution models. Methods in Ecology and Evolution, 9(4), 834—848.
https://doi.org/10.1111/2041-210X.12936

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R.,
O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H., Szoecs, E., & Wagner, H. (2019).
vegan: Community Ecology Package (R package version 2.5-6). https://cran.r-
project.org/web/packages/vegan/

Oliveira-Filho, A. T., Budke, J. C., Jarenkow, J. A., Eisenlohr, P.V, & Neves, D. R. M. (2014). Delving
into the variations in tree species composition and richness across South American subtropical
Atlantic and Pampean forests. Journal of Plant Ecology, 8(3), 242—260.
https://doi.org/10.1093/jpe/rttos8

Oliveira-Filho, A. T., & Fontes, M. A. L. (2000). Patterns of Floristic Differentiation among Atlantic
Forests in Southeastern Brazil and the Influence of Climate. Biotropica, 32(2), 793-810.
https://doi.org/10.1111/j.1744-7429.2000.tb00619.x

Oliveira, J. M., & Pillar, V. de P. (2005). Vegetation dynamics on mosaics of Campos and Araucaria

169



forest between 1974 and 1999 in Southern Brazil. Community Ecology, 5(2), 197—202.
https://doi.org/10.1556/ComEc.5.2004.2.8

Overbeck, G. E., Miller, S. C,, Fidelis, A., Pfadenhauer, J., Pillar, V. D., Blanco, C. C., Boldrini, I. I.,
Both, R., & Forneck, E. D. (2007). Brazil's neglected biome: The South Brazilian Campos.
Perspectives in Plant Ecology, Evolution and Systematics, 9(2), 101-116.
https://doi.org/10.1016/j.ppees.2007.07.005

Paisani, J. C., Lopes-Paisani, S. D., Lima, S., de Jesus Ribeiro, F., Pontelli, M. E., & Fujita, R. H.
(2019). Paleoenvironmental dynamics of low-order paleovalleys in the Late Quaternary —
Palmas/Cacador Summit Surface — Southern Brazil. Catena, 182, 104171.
https://doi.org/10.1016/j.catena.2019.104171

Peel, M. C,, Finlayson, B. L., & McMahon, T. A. (2007). Updated world map of the Képpen-Geiger
climate classification. Hydrology and Earth System Sciences, 11(5), 1633-1644.
https://doi.org/10.5194/hess-11-1633-2007

Pereira, J. S. (2017). Pedogénese e Mofogénese na Superficie de Sdo José dos Ausentes (RS) no
Quaterndrio Tardio: Evidéncias em Paleofundo de Vale na Bacia Hidrogrdfica do Rio dos Touros
[Universidade Estadual do Oeste do Parana]. https://doi.org/DOI:

Pessenda, L. C. R., De Oliveira, P. E., Mofatto, M., de Medeiros, V. B., Francischetti Garcia, R. J.,
Aravena, R., Bendassoli, J. A., Zuniga Leite, A., Saad, A. R., & Lincoln Etchebehere, M. (2009).
The evolution of a tropical rainforest/grassland mosaic in southeastern Brazil since 28,000 14 C
yr BP based on carbon isotopes and pollen records. Quaternary Research, 71(3), 437—452.
https://doi.org/10.1016/j.yqres.2009.01.008

Pivel, M. A. G., Santarosa, A. C. A., Toledo, F. A. L., & Costa, K. B. (2013). The Holocene onset in the
southwestern South Atlantic. Palaeogeography, Palaeoclimatology, Palaeoecology, 374, 164—
172. https://doi.org/10.1016/j.palae0.2013.01.014

Pivel, M. A. G., Toledo, F., & Costa, K. (2010). Foraminiferal record of changes in summer monsoon
precipitation at the Southeastern Brazilian continental margin since the Last Glacial
Maximum. Revista Brasileira de Paleontologia, 13(2), 79-88.
https://doi.org/10.4072/rbp.2010.2.01

Plumpton, H., Whitney, B., & Mayle, F. (2019). Ecosystem turnover in palaeoecological records: The
sensitivity of pollen and phytolith proxies to detecting vegetation change in southwestern
Amazonia. The Holocene, 29(11), 1720-1730. https://doi.org/10.1177/0959683619862021

Porto, T.J., Carnaval, A. C., & da Rocha, P. L. B. (2013). Evaluating forest refugial models using
species distribution models, model filling and inclusion: A case study with 14 Brazilian species.
Diversity and Distributions, 19(3), 330—340. https://doi.org/10.1111/j.1472-4642.2012.00944.X

R Core Team. (2018). R: a Language and Environment for Statistical Computing (3.5). R Foundation
for Statistical Computing. www.R-project.org

Raczka, M. F., Bush, M. B., & De Oliveira, P. E. (2018). The collapse of megafaunal populations in
southeastern Brazil. Quaternary Research, 89, 103—-118. https://doi.org/10.1017/qua.2017.60

Raczka, M. F., De Oliveira, P. E., Bush, M., & McMichael, C. H. (2013). Two paleoecological histories
spanning the period of human settlement in southeastern Brazil. Journal of Quaternary
Science, 28(2), 144—151. https://doi.org/10.1002/jqs.2597

Rezende, C. L., Scarano, F. R., Assad, E. D., Joly, C. A., Metzger, J. P., Strassburg, B. B. N., Tabarelli,
M., Fonseca, G. A., & Mittermeier, R. A. (2018). From hotspot to hopespot: An opportunity for
the Brazilian Atlantic Forest. Perspectives in Ecology and Conservation, 16(4), 208—214.

170



https://doi.org/10.1016/j.pecon.2018.10.002

Ribeiro, M. C., Metzger, J. P., Martensen, A. C., Ponzoni, F. J., & Hirota, M. M. (2009). The Brazilian
Atlantic Forest: How much is left, and how is the remaining forest distributed? Implications for
conservation. Biological Conservation, 142(6), 1141-1153.
https://doi.org/10.1016/j.biocon.2009.02.021

Rick, T. C., & Lockwood, R. (2013). Integrating Paleobiology, Archeology, and History to Inform
Biological Conservation. Conservation Biology, 27(1), 45-54. https://doi.org/10.1111/j.1523-
1739.2012.01920.X

Robinson, M., de Souza, J. G., Maezumi, S. Y., Cardenas, M., Pessenda, L., Prufer, K., Corteletti, R.,
Scunderlick, D., Mayle, F. E., De Blasis, P., & Iriarte, J. (2018). Uncoupling human and climate
drivers of late Holocene vegetation change in southern Brazil. Scientific Reports, 8(1), 7800.
https://doi.org/10.1038/541598-018-24429-5

Rodriguez-Zorro, P. A., Ledru, M.-P., Bard, E., Aquino-Alfonso, O., Camejo, A., Daniau, A.-L.,
Favier, C., Garcia, M., Mineli, T. D., Rostek, F., Ricardi-Branco, F., Sawakuchi, A. O., Simon, Q.,
Tachikawa, K., & Thouveny, N. (2020). Shut down of the South American summer monsoon
during the penultimate glacial. Scientific Reports, 10(1), 6275. https://doi.org/10.1038/s41598-
020-62888-x

Rull, V. (2009). Microrefugia. Journal of Biogeography, 36(3), 481—484. https://doi.org/10.1111/j.1365-
2699.2008.02023.x

Scheer, M. B., Mocochinski, A. Y., & Roderjan, C. V. (2011). Estrutura arborea da Floresta Ombrdfila
Densa Altomontana de serras do Sul do Brasil. Acta Botanica Brasilica, 25(4), 735-750.
https://doi.org/10.1590/S0102-33062011000400002

Scherer, C., & Lorscheitter, M. L. (2014). Vegetation dynamics in the southern Brazilian highlands
during the last millennia and the role of bogs in Araucaria forest formation. Quaternary
International, 325, 3—12. https://doi.org/10.1016/j.quaint.2014.01.010

Schorn, L. A,, Lingner, D. V., Vibrans, A. C., Gasper, A. L. de, Sevegnani, L., Sobral, M., Meyer, L.,
Klemz, G., Schmitt, R., Anastacio-Jr, C., & Pasqualli, V. R. (2012). Estrutura do componente
arboreo/arbustivo da Floresta Estacional Decidual em Santa Catarina. Volume Il - Floresta
Estacional Decidual, ll(January), 139—159.

Schorn, L. A., Meyer, L., Sevegnani, L., Vibrans, A. C,, Vanessa, D., de Gasper, L. A. L., Uhlmann, A.,
Verdi, M., & Stival-Santos, A. (2014). Fitossociologia de fragmentos de floresta estacional
decidual no estado de Santa Catarina — Brasil. Ciencia Florestal, 24(4), 821-831.
http://lwww.redalyc.org/pdf/534/53432889003.pdf

Schiler, L., & Behling, H. (2011a). Characteristics of Poaceae pollen grains as a tool to assess
palaeoecological grassland dynamics in South America. Vegetation History and Archaeobotany,
20(2), 97-108. https://doi.org/10.1007/500334-010-0264-0

Schiler, L., & Behling, H. (2011b). Poaceae pollen grain size as a tool to distinguish past grasslands
in South America: A new methodological approach. Vegetation History and Archaeobotany,
20(2), 83—96. https://doi.org/10.1007/500334-010-0265-2

Sevegnani, L., Uhlmann, A., Gasper, A. L. de, Meyer, L., & Vibrans, A. C. (2016). Climate affects the
structure of mixed rain forest in southern sector of Atlantic domain in Brazil. Acta Oecologica,
77, 109—117. https://doi.org/10.1016/j.actao.2016.10.002

Silva, D. W. (2018). Caracterizagdo paleoclimdtica do Quaterndrio Tardio em dreas planalticas do
Estado do Parand. Universidade Estadual de Ponta Grossa.

171



Silva, D. W. da, Camargo Filho, M., Parolin, M., & Bertotti, L. G. (2016). Analise paleoambiental a
partir dos principais morfotipos de fitdlitos encontrados em sedimento turfoso na regido de
Guarapuava-Parana. Ambiéncia, 12(1). https://doi.org/10.5935/ambiencia.2016.01.01

Silva, L. C. R., & Anand, M. (2011). Mechanisms of Araucaria (Atlantic) Forest Expansion into
Southern Brazilian Grasslands. Ecosystems, 14(8), 1354—1371. https://doi.org/10.1007/510021-
011-9486-y

Smith, R. J., & Mayle, F. E. (2017). Impact of mid- to late Holocene precipitation changes on
vegetation across lowland tropical South America: a paleo-data synthesis. Quaternary
Research, 89, 1—22. https://doi.org/10.1017/qua.2017.89

Souza, C. M., Z. Shimbo, J., Rosa, M. R, Parente, L. L., A. Alencar, A., Rudorff, B. F. T., Hasenack,
H., Matsumoto, M., G. Ferreira, L., Souza-Filho, P. W. M., de Oliveira, S. W., Rocha, W.F.,
Fonseca, A. V., Marques, C. B., Diniz, C. G., Costa, D., Monteiro, D., Rosa, E. R., Vélez-Martin,
E., ... Azevedo, T. (2020). Reconstructing Three Decades of Land Use and Land Cover Changes
in Brazilian Biomes with Landsat Archive and Earth Engine. Remote Sensing, 12(17), 2735.
https://doi.org/10.3390/rs12172735

Stefenon, V. M., Behling, H., Gailing, O., & Finkeldey, R. (2008). Evidences of delayed size recovery
in Araucaria angustifolia populations after post-glacial colonization of highlands in
Southeastern Brazil. Anais Da Academia Brasileira de Ciencias, 80(3), 433—443.
https://doi.org/10.1590/S0001-37652008000300005

Stefenon, V. M., Gailing, O., & Finkeldey, R. (2007). Genetic structure of Araucaria angustifolia
(Araucariaceae) populations in Brazil: Implications for the in situ conservation of genetic
resources. Plant Biology, 9(4), 516—525. https://doi.org/10.1055/5-2007-964974

Stefenon, V. M., Klabunde, G., Lemos, R. P. M., Rogalski, M., & Nodari, R. O. (2019).
Phylogeography of plastid DNA sequences suggests post-glacial southward demographic
expansion and the existence of several glacial refugia for Araucaria angustifolia. Scientific
Reports, 9(1), 2752. https://doi.org/10.1038/s41598-019-39308-w

Suggitt, A. J., Wilson, R. J., Isaac, N. J. B., Beale, C. M., Auffret, A. G., August, T., Bennie, J. J., Crick,
H. Q. P., Duffield, S., Fox, R., Hopkins, J. J., Macgregor, N. A., Morecroft, M. D., Walker, K. J., &
Maclean, I. M. D. (2018). Extinction risk from climate change is reduced by microclimatic
buffering. Nature Climate Change, 8(8), 713—717. https://doi.org/10.1038/541558-018-0231-9

Suhs, R. B., Giehl, E. L. H., & Peroni, N. (2020). Preventing traditional management can cause
grassland loss within 30 years in southern Brazil. Scientific Reports, 10(1), 783.
https://doi.org/10.1038/541598-020-57564-2

Svenning, J.-C., Flgjgaard, C., Marske, K. A., Ndégues-Bravo, D., & Normand, S. (2011). Applications
of species distribution modeling to paleobiology. Quaternary Science Reviews, 30(21—22),
2930—2947. https://doi.org/10.1016/j.quascirev.2011.06.012

Thuiller, W., Georges, D., Engler, R., & Breiner, F. (2016). biomod2: Ensemble Platform for Species
Distribution Modeling (R package version 3.3-7). https://cran.r-project.org/package=biomod2

Tierney, J. E., Poulsen, C. J., Montaiez, |. P., Bhattacharya, T., Feng, R., Ford, H. L., Honisch, B.,
Inglis, G. N., Petersen, S. V, Sagoo, N., Tabor, C. R., Thirumalai, K., Zhu, J., Burls, N. J., Foster,
G. L., Goddéris, Y., Huber, B. T., Ivany, L. C., Turner, S. K., ... Zhang, Y. G. (2020). Past climates
inform our future. Science, 370(6517). https://doi.org/10.1126/science.aay3701

Toledo, F. A. L., Cachdo, M., Costa, K. B., & Pivel, M. A. G. (2007). Planktonic foraminifera,
calcareous nannoplankton and ascidian variations during the last 25 kyr in the Southwestern

172



Atlantic: A paleoproductivity signature? Marine Micropaleontology, 64(1-2), 67-79.
https://doi.org/10.1016/j.marmicro.2007.03.001

Uhlmann, A., Gasper, A. L. de, Sevegnani, L., Vibrans, A. C., Meyer, L., & Lingner, D. V. (2012).
Fitogeografia de Santa Catarina. In A.C. Vibrans, L. Sevegnani, A. L. de Gasper, & D. V. Lingner
(Eds.), Inventdrio Floristico Florestal de Santa Catarina, Vol. I, Diversidade e conservagdo dos
remanescentes florestais. (pp. 113—123). Edifurb.

Vibrans, Alexander Christian, De Gasper, A. L., Moser, P., Oliveira, L. Z., Lingner, D. V., &
Sevegnani, L. (2020). Insights from a large-scale inventory in the southern Brazilian Atlantic
Forest. Scientia Agricola, 77(1). https://doi.org/10.1590/1678-992x-2018-0036

Vibrans, Alexander Christian, Sevegnani, L., Lingner, D. V., de Gasper, A. L., & Sabbagh, S. (2010).
Inventario floristico florestal de Santa Catarina (IFFSC): aspectos metodoldgicos e
operacionais. Pesquisa Florestal Brasileira, 30(64), 291-302.
https://doi.org/10.4336/2010.pfb.64.291

Vitorino, L. C., Lima-Ribeiro, M. S., Terribile, L. C., & Collevatti, R. G. (2016). Demographical history
and palaeodistribution modelling show range shift towards Amazon Basin for a Neotropical
tree species in the LGM. BMC Evolutionary Biology, 16(1), 213. https://doi.org/10.1186/512862-
016-0779-9

Weatherall, P., Marks, K. M., Jakobsson, M., Schmitt, T., Tani, S., Arndt, J. E., Rovere, M., Chayes,
D., Ferrini, V., & Wigley, R. (2015). A new digital bathymetric model of the world’s oceans.
Earth and Space Science, 2(8), 331—345. https://doi.org/10.1002/2015EA000107

Whitney, B. S., Mayle, F. E., Punyasena, S. W., Fitzpatrick, K. A., Burn, M. J., Guillen, R., Chavez, E.,
Mann, D., Pennington, R. T., & Metcalfe, S. E. (2011). A 45kyr palaeoclimate record from the
lowland interior of tropical South America. Palaeogeography, Palaeoclimatology,
Palaeoecology, 307(1—4), 177-192. https://doi.org/10.1016/j.palaeo.2011.05.012

Williams, J. W., & Jackson, S. T. (2007). Novel climates, no-analog communities, and ecological
surprises. Frontiers in Ecology and the Environment, 5(9), 475—482.
https://doi.org/10.1890/070037

Williams, J. W., Shuman, B. N., Webb, T., Bartlein, P. J., & Leduc, P. L. (2004). Late-Quaternary
vegetation dynamics in North America: Scaling from taxa to biomes. Ecological Monographs,
74(2), 309—334. https://doi.org/10.1890/02-4045

Willis, K. J., Bailey, R. M., Bhagwat, S. A., & Birks, H. J. B. (2010). Biodiversity baselines, thresholds
and resilience: Testing predictions and assumptions using palaeoecological data. Trends in
Ecology and Evolution, 25(10), 583-591. https://doi.org/10.1016/j.tree.2010.07.006

Wilson, O. J., Walters, R. J., Mayle, F. E., Lingner, D. V., & Vibrans, A. C. (2019). Cold spot
microrefugia hold the key to survival for Brazil's Critically Endangered Araucaria tree. Global
Change Biology, 25(12), 4339—4351. https://doi.org/10.1111/gcb.14755

Yin, L., Fu, R., Shevliakova, E., & Dickinson, R. E. (2013). How well can CMIP5 simulate precipitation
and its controlling processes over tropical South America? Climate Dynamics, 41(11-12), 3127—
3143. https://doi.org/10.1007/500382-012-1582-y

Zech, M., Zech, R., Morras, H., Moretti, L., Glaser, B., & Zech, W. (2009). Late Quaternary
environmental changes in Misiones, subtropical NE Argentina, deduced from multi-proxy
geochemical analyses in a palaeosol-sediment sequence. Quaternary International, 196(1-2),
121-136. https://doi.org/10.1016/j.quaint.2008.06.006

Zwiener, V. P., Lira-Noriega, A., Grady, C. J., Padial, A. A., & Vitule, J. R. S. (2018). Climate change

173



as a driver of biotic homogenization of woody plants in the Atlantic Forest. Global Ecology and
Biogeography, 27(3), 298-309. https://doi.org/10.1111/geb.12695

Zwiener, V. P, Padial, A. A., Marques, M. C. M., Faleiro, F. V., Loyola, R., & Peterson, A. T. (2017).
Planning for conservation and restoration under climate and land use change in the Brazilian
Atlantic Forest. Diversity and Distributions, 23(8), 955-966. https://doi.org/10.1111/ddi.12588

174



Preface to Chapter 4: How climate, fire
and Indigenous people shaped Brazil's
Araucaria Forests through the Late
Holocene

Publication status
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Overview

Chapter 2 began to consider the past, which Chapter 3 continued and on which it focused, forging
links with the future-focused predictions of Chapter 1. This arc culminates here in Chapter 4. The
following paper considers two key non-climatic factors which affected Araucaria Forests’ past
dynamics over the last 6,000 years: the mosaic’s fire ecology and long human occupation.

The work in this chapter builds on the research in all its predecessors. It uses topography-informed
ecological niche models (ENMs, Chapter 1) to investigate how Campos and Araucaria Forest shared
the highlands through time; as in Chapter 3, this study considers compositional change through
time, again using new sources of palaeoclimate data to make prediction for important (but
understudied) time periods. Chapter 3, applying insights from Chapter 2, demonstrated that
combining ENMs with a detailed synthesis of palaeoecological data could provide novel insights
into past vegetation changes, and here this approach is further focused and intensified. In addition
to the comparison between ENM projections and palaeo-vegetation proxies used in Chapter 3, this
chapter incorporates syntheses of palaeoclimatological and archaeological data, as well as
examining new multiproxy palaeoecological records. Triangulating these diverse strands of
multidisciplinary evidence provides the best evidence yet on the role of Indigenous people in
shaping pre-colonial Araucaria Forests.

Contribution to the research

| conceived the design of this paper, and undertook all components of the research except the
production of the new palaeoecological records — the three sites’ fossil pollen and charcoal were
analysed by Macarena Cardenas and their 6*3C by Claudio Latorre. | analysed the Botuvera
palaeoclimate data; compiled, digitised and analysed the existing palaeoecological records;
modelled the ecosystems’ changing distributions and compositions through time; led the synthesis
of the different strands of data and the writing-up of the results. My contribution to this paper is
estimated at 70-75%. The submitted form of the author contributions statement is below:

The overall aim of the study was conceived by FEM and OJW. The project design and
methodological approach was devised by OJW. OJW undertook the ENM development,
palaeoclimate analysis, and syntheses of palaeoecological and archaeological data. FEM collected
the study’s new sediment cores which were prepared and analysed for palaeo-proxies by MLC
(pollen, charcoal) and CL (§13C). OJW and FEM interpreted the results with MLC. OJW drafted the
manuscript, which all authors reviewed before submission.
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Abstract

For millennia, climate changes and Indigenous people have influenced Earth’s tropical ecosystems;
their relative importance affects our understanding of the ecosystems’ resilience to current
anthropogenic changes, so is subject to intensive research and debate. Brazil’s Atlantic Forest, a
global biodiversity hotspot, has been largely absent from this conversation. Here we focus on this
biome’s most iconic, ancient and threatened formation —the highland mosaic of Araucaria Forest
and Campos grasslands. Using novel integrations of palaeo-data and ecological modelling, we
assess how climatic and human drivers shaped these landscapes over the last 6,000 years. We show
that expansions of Araucaria Forest cover over the last several thousand years were predominantly
natural, driven by non-linear responses of fire-forest feedback loops to minor climatic shifts.
However, within Araucaria Forests Indigenous people profoundly affected vegetation structure and
composition in areas they occupied and used more intensely. Our results challenge simplistic
narratives of climate- versus human-driven past vegetation change. Climate, humans and fire all
shaped these landscapes through space and time in complex combinations, all of which must be
considered to understand or effectively conserve them.

Introduction

Few places on Earth are more threatened by human-driven land use pressure and climate change
than tropical forests (Lewis, Edwards and Galbraith, 2015). Understanding how these ecosystems
are likely to react to these intersecting drivers of change is crucially important because of their
disproportionate contribution to global biological diversity, carbon sequestration and climate
regulation (Lewis, Edwards and Galbraith, 2015; Ferreira et al., 2018). Though predicting the future
is inherently uncertain, understanding how tropical forests have been modified in the past —
responding to natural climate changes since their formation, and to human occupations over the
past several millennia — can provide critical clues as to their potential pathways through this century
and beyond (Barnosky et al., 2017; Roberts et al., 2017; Fordham et al., 2020; Ellis et al., 2021;
Roberts, Hamilton and Piperno, 2021). The interwoven contributions of Indigenous people and
climatic conditions to shaping tropical and sub-tropical ecosystems over millennia have been
studied from Australia and Asia to Africa, Amazonia and the Andes (e.g. Duvall, 2007; Rangan et al.,
2015; Morin-Rivat et al., 2017; Loughlin et al., 2018; Nogué et al., 2018; Akesson et al., 2020;
Fletcher, Hall and Alexandra, 2021; Hall et al., 2021), with various lines of evidence showing that
humans induced profound changes in their environments (Levis et al., 2017, 2018) — promoting and
dispersing culturally important species (Shepard and Ramirez, 2011; S Yoshi Maezumi et al., 2018;
Odonne et al., 2019), altering soil properties (S. Yoshi Maezumi et al., 2018; Levis et al., 2020), and
even preventing natural ecosystem changes (Carson et al., 2014, 2015; Watling et al., 2017).
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The contributions of pre-colonial Indigenous societies to Amazonia’s biogeographic patterns have
been intensely studied and debated (e.g. Denevan, 1992; Bush and Silman, 2007; Barlow et al.,
2012; Clement et al., 2015; Levis et al., 2017), befitting the largest tropical forest biome in our
planet’s most biologically diverse continent (Antonelli et al., 2018; Raven et al., 2020). By
comparison, these issues have received little attention in South America’s other major tropical
forest region, the Atlantic Forest. Yet the Atlantic Forest biome, which covers >3,000 km of Brazil's
coast and stretches inland to Argentina and Paraguay, is a global biodiversity hotspot (Myers et al.,
2000). The Atlantic Forest has lost far more of its natural vegetation than Amazonia [63-88%
(MapBiomas Trinational Atlantic Forest Project; Ribeiro et al., 2009; Rezende et al., 2018) vs. 17%
(MapBiomas Amazon Project)] but contains 26% more known seed plant species [15,004 vs. 11,902
(Brazil Flora Group, 2015)], three times more of which are endemic [49.5% vs. 16.0%; species
numbers for Brazil only (Brazil Flora Group, 2015)] —indeed, one in every 50 seed plant species on
Earth is unique to the Atlantic Forest (Myers et al., 2000; Brazil Flora Group, 2015; Lughadha et al,,
2016; S1). Considering likely trajectories of climatic disruption and land cover changes, the Atlantic
Forest is the most threatened biodiversity hotspot in the world (Bellard et al., 2014,).

The impending threats from changing land use and climate conditions are most acute in the
Atlantic Forest's ever-wet southern region, at the biome’s highest elevations and under its coldest
conditions (ca. 500-2,000 m above sea level; annual average temperatures ca. 15-21°C; annual
precipitation ca. 1,250-2,250 mm) (Neves et al., 2017). The ancient mosaic of Araucaria Forests and
natural Campos grasslands found here is unique, iconic, and vanishing. Araucaria Forests comprise a
variable mix of warm-adapted tropical species and cold-adapted Gondwanan relicts, with a
phylogenetic signature that distinguishes them from other forests in the Atlantic Forest (Duarte et
al., 2014; Oliveira-Filho et al., 2014). Campos, one of the very few non-forest ecosystems in the
biome, are old-growth grasslands (Veldman et al., 2015) which have been continuously present in
southern Brazil for over 40,000 years (Behling et al., 2004); about a quarter of their flora is endemic
(Iganci et al., 2011; Pl et al., 2020). Both ecosystems have been heavily degraded by human
activities in the 20™ Century — Araucaria Forests are Endangered (Ferrer-Paris et al., 2019), with
some of the biome’s worst trends in forest cover loss and increasing fragment isolation (Rosa et al.,
2021), and >25% of Campos was lost in three decades (Overbeck et al., 2007). The mosaic’s defining
feature is the Araucaria tree (Araucaria angustifolia, also known as Brazilian or Parana Pine)
(Oliveira-Filho et al., 2014), a member of the ‘living fossil’ Araucariaceae family which dominated
South America’s Cretaceous tropical forests before the extinction of non-avian dinosaurs (Panti et
al., 2012; Forest et al., 2018; Carvalho et al., 2021). Brazil's Araucaria trees are now at the brink of
extinction themselves, after devastating losses from unsustainable 20™-Century logging and habitat
conversion, which are being exacerbated by 21%-Century anthropogenic climate changes (Ribeiro et
al., 2009; Thomas, 2013; Wilson et al., 2019, 2021; Tagliari, Vieilledent, et al., 2021). As a result, A.
angustifolia is among the most evolutionarily distinct and globally endangered tree species on the
planet (Forest et al., 2018).

Araucaria trees have multifaceted importance to the natural world and to human societies. A.
angustifolia seeds (pinhao) are large, nutritious, abundant, and consistently produced, a keystone
plant resource (Bogoni, Muniz-Tagliari, et al., 2020) — food for more than 70 mammal and bird
species (Dénes et al., 2018; Bogoni, Batista, et al., 2020; Bogoni, Muniz-Tagliari, et al., 2020),
commercially valuable to southern Brazil's rural communities (IBGE, 2018), and a crucial food
resource for Indigenous people long before European arrival (Corteletti et al., 2015), traded from the
highlands to communities on the distant coast more than 1,000 years ago (Scheel-Ybert and
Boyadjian, 2020). Araucaria’s importance to Indigenous people past and present gives it many
hallmarks of a cultural keystone species (Coe and Gaoue, 2020): the tree “could be considered the
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ritual object par excellence” for its role in the Kaingang Kiki ceremony (Fernandes and Piovezana,
2015, p. 120), its fruiting defined Xokleng territories and seasonal movements (Henry, 1964; Moura,
2021), and the highest level in Kaingang shamanic territory — the domain of glory, where God lives —
is named after, characterised by, and can be reached by climbing Araucaria trees (Réus Gongalves
Da Rosa, 2005).

Through their multi-millennial association, Araucaria Forests significantly shaped Indigenous
societies (Iriarte and Behling, 2007), but did people similarly influence Araucaria Forests? Are the
southern Atlantic Forest’s highland ecosystems principally cultural relics, previously domesticated
landscapes? The question is critical for understanding the potential for their sustainable use and
resilience to 21°-Century climate changes and has been the subject of speculation for decades
(Aubreville, 1948; Bitencourt and Krauspenhar, 2006), but has remained unresolved (reviewed in
S2). In many tropical regions, in particular Amazonia, the extent, intensity and durability of human
and climatic ecosystem transformations is the subject of a long-standing polarised debate
(Denevan, 1992; Bush and Silman, 2007; Barlow et al., 2012; Clement et al., 2015; Levis et al., 2017),
with research generally focusing on one driver over the other and requiring centennial- to
millennial-scale extrapolations from present-day floristic patterns, in the frequent absence of proxy
data on past human, climatic and environmental changes. By contrast, there is far greater potential
for resolving the respective, and interactive, roles of Holocene human land use and climate change
in shaping contemporary biodiversity patterns in the southern Atlantic Forest, because of the much
richer dataset of palaeoenvironmental and archaeological data available for this region (Smith and
Mayle, 2017; Wilson et al., 2021).

Southern Brazil’s Holocene climate history is recorded at sub-annual temporal resolutionin a
speleothem rainfall proxy record spanning the last 9,000 years (Bernal et al., 2016). South America’s
densest collection of palaeoecological vegetation proxy records show how Campos and Araucaria
Forest developed in time and space, with forest expansions recorded around 4,000-3,000 and
1,500-500 years ago (fig. 1, S4.2). The more recent episode of Araucaria Forest encroachment
coincides with a period of population growth and cultural change reflected in the southern Jé
archaeological record, whose cultural continuity with historical and contemporary Indigenous
groups like the Kaingang and Xokleng is very clearly established (Urban, 1985; Robinson et al., 2017;
de Souza, 2018; de Souza and Riris, 2021). The southern Jé practised a mixed economy among
Araucaria Forests and Campos: alongside hunting and cultivation of crops such as maize (Zea mays),
squash (Cucurbita spp.) and beans (Phaseolus spp.), pinhao (A. angustifolia seeds) were an important
food source (Corteletti et al., 2015; Loponte et al., 2016). Almost uniquely among useful and
culturally important tropical trees (Bush and McMichael, 2016), A. angustifolia is clearly identifiable
in both the palaeoecological and archaeological records: its pollen is distinctive, and diagnostic
phytoliths and starch grains can also allow it to be identified in dental calculi and ceramic residues
from archaeological sites (Corteletti et al., 2015; Scheel-Ybert and Boyadjian, 2020).

The underlying driver(s) for the Late Holocene expansion of Araucaria Forest remain(s) contentious,
with some arguing for an anthropogenic cause, based on coeval expansion of the southern Jé
culture in the Common Era (Bitencourt and Krauspenhar, 2006; dos Reis, Ladio and Peroni, 2014;
Robinson et al., 2018), whereas others argue for climatic drivers (Behling et al., 2004; Jeske-
Pieruschka and Behling, 2012; Rodrigues, Behling and Giesecke, 2016). There are many compelling
reasons to argue that Araucaria Forests could have been profoundly shaped by pre-colonial
Indigenous communities (Bitencourt and Krauspenhar, 2006; dos Reis, Ladio and Peroni, 2014), but
the few studies to have examined the subject have not produced definitive evidence (Lauterjung et
al., 2018; Robinson et al., 2018; Pereira Cruz et al., 2020; reviewed in S2). Close integration of high-
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quality archaeological, palaeoecological and palaeoclimate data is a necessary first step for robustly
differentiating between human versus climatic causes of pre-colonial vegetation change, but it is
not always sufficient. Relating Late Holocene vegetation dynamics to spatial gradients of human
land use (cf. Robinson et al., 2018) can only elucidate human drivers if the potentially confounding
effects of natural ecological factors are adequately controlled for. Ecological niche models (ENMs)
can perform this vital function by producing spatially explicit predictions of ecosystem change
driven by climatic variables alone (Svenning et al., 2011). Deviations in observed past vegetation
dynamics from the expectations from these ‘null’ ecological models can point to non-climatic
causes for such changes. Where these can be spatially, chronologically and causally linked to
observed patterns of human occupation, this technique can provide much clearer evidence for
anthropogenic drivers of vegetation change than is possible from empirical palaeo-proxy data
alone.

In this study we investigate when, where and how climatic changes and human actions shaped
Brazil's Araucaria Forest-Campos mosaic over the last 6,000 years, by integrating five independent
strands of evidence. We use ENMs to predict climate-driven changes to ecosystems’ distributions
and compositions through space and time (figs. 1b-c, 2; S4.4), and synthesise proxy data from 46
existing palaeoecological sites —including every adequately dated record in southern Brazil's
highlands (fig. 1d) — to reveal observed changes in past Araucaria Forest-Campos dynamics and fire
regimes (fig. 3d-g, S4.2). Potential climatic drivers for these changes are examined by analysing a
high-resolution speleothem rainfall proxy record (fig. 3a-b), and 311 archaeological radiocarbon
dates show the temporal dynamics of human occupations across the landscape (fig. 3¢). Finally, we
describe three new multiproxy palaeoecological records, all in close proximity to well-researched
southern Jé archaeological sites — the region’s first fossil pollen and charcoal records designed to
capture the effects of past human land use on the Araucaria Forest-Campos mosaic (cf. Mayle and
Iriarte, 2014; figs. 1d, 39, S4.3). Together, these lines of evidence reveal the complex ways in which
climatic changes, Indigenous communities and fire combined to shape Brazil’s Araucaria Forests
through the Late Holocene.

Results

Our multistranded approach reveals three main findings: i) that Late Holocene Araucaria Forest
expansions over Campos grasslands had primarily natural drivers (i.e. climate and fire); ii) that those
expansions were transitions between alternative ecosystem stable states, caused by apparently
minor climatic changes altering fire-forest feedbacks; and iii) that the southern Jé profoundly
shaped the structure and composition of the landscapes among which they lived.
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Figure 1: Maps showing a) the natural potential extent of Araucaria Forest and Campos, and their remnant
natural vegetation from 1985 (Souza et al., 2020), b) ecosystem-level ENM for the present-day (see S4.4), )
modelled floristic composition for the study area (see S3.23 and S4.4), and d) palaeoecological proxy sites
synthesised for this study, with southern Jé and Guarani (Bonomo et al., 2015; Iriarte et al., 2017) archaeological
sites. The new palaeoecological records in this study are sites 26 (Abreu e Garcia), 29 (Amaral) and 33 (Pinhal da
Serra), in inset. For more information on the synthesised palaeoecological records, see S3.3.

Natural causes for Araucaria Forest expansions

Various lines of evidence suggest that climatic changes made significant contributions to Late
Holocene expansions of Araucaria Forest over Campos. The Botuvera speleothem record (Bernal et
al., 2016) highlights periods of increased rainfall for much of the period between 4,000 and 2,500 cal
BP [calibrated years before radiocarbon present, 1950 AD], and even more so from 2,000 to ca. 8oo
cal BP (fig. 3a-b). These are the main periods in which proxy sites record increases in Araucaria
Forest and/or Araucaria angustifolia pollen, and/or transitions to more C3-dominated (likely woody)
vegetation (fig. 3d-f, S4.2). (Forest expansions in the Common Era tend to be larger and more
pronounced than those in the preceding millennia, correlating with the relative magnitudes of the
periods’ rainfall increases.) With three notable exceptions (see S4.1), A. angustifolia pollen reaches
its highest proportions in the last 2,000 years, though it is rarely abundant or an apparent driver of
forest expansions; in a number of cases it only becomes a noticeable component of the pollen
spectrum in the last two millennia. [This may be partly due to A. angustifolia’s under-representation
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in some pollen records (Cardenas et al., 2019; Piraquive Bermudez, Theuerkauf and Giesecke,
2021).]

These findings alone are insufficient to attribute Common Era expansions of Araucaria Forest
and/or A. angustifolia to natural causes: the timings and magnitudes of 