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RESUMO

Campos nativos e florestas podem ocorrer lado a lado na paisagem, formando um
complexo sistema de mosaicos. Ambos sdo considerados estados estaveis alternativos da
vegetagdo, mantidos por diferentes feedbacks estabilizadores. Na auséncia, ou sob uma
baixa frequéncia de disturbios, ocorre o0 processo de adensamento de lenhosas. Esse
processo resulta na mudanga gradual da fisionomia da vegetagdo, que passa de uma
vegetacao campestre com poucos individuos lenhosos, para uma floresta, criando ecétonos
caracterizados por condicdes ambientais contrastantes. Espécies lenhosas que ocorrem ao
longo do gradiente de adensamento precisam adotar estratégias ecologicas que sejam
viaveis, o que pode ser contrastante dadas condicbes ambientais de cada habitat. Para
isso, as plantas tem o desafio de coordenar de forma eficiente o funcionamento de
dimensodes interdependentes da planta, acima e abaixo do solo. No presente trabalho
buscamos avaliamos o que acontece com a estrutura da vegetagcao e com a funcionalidade
das espécies ao longo de um gradiente de adensamento de lenhosas sobre campos
nativos. A nossa hipdtese € de que apos 10 anos sem disturbios, ocorram mudancas
estruturais na vegetacao, que sdo associadas com mudangas nos padrdes funcionais da
comunidade e nas estratégias ecologicas das espécies lenhosas. Para avaliar isso,
amostramos 60 parcelas em duas areas com vegetagdo formada por mosaicos campo-
floresta em dois periodos de tempo diferentes (2012-2022), para coletar dados temporais
do adensamento de lenhosas. Utilizamos uma abordagem integradora para acessar as
diferentes dimensdes de variacdo dos atributos funcionais das plantas, incluindo atributos
acima e abaixo do solo (whole-plant, folha, caule e raizes). Correlagdes bivariadas e
analises multivariadas foram utilizadas para acessar a variacdo dos atributos. Nossos
resultados mostraram que a densidade de individuos lenhosos aumentou no campo, que
atualmente possui uma vegetacdo com estrutura vegetacional similar a uma floresta
secundaria. Em geral, espécies lenhosas colonizando o campo tiveram folhas
conservativas, como estratégia para protecéo contra alta incidéncia luminosa e seca; raizes
aquisitivas para competir de forma eficiente por nutrientes, e casca espessa, como um
importante atributo de resisténcia ao fogo. Em contrapartida, as espécies de floresta foram
maiores em altura e tiveram folhas aquisitivas, indicando uma alta habilidade de competir
por luz no ambiente florestal, onde a luz € um recurso limitante. Nossos resultados
demonstram que campo e floresta possuem comunidades formadas por espécies lenhosas
com diferentes estratégias ecoldgicas, e que na auséncia de disturbios os campos sofrem
mudancgas estruturais e na fisionomia da vegetagdo, em consequéncia do adensamento.
Essa mudanca favorece a chegada de novas espécies com diferentes estratégias
ecoldgicas, que tornaram-se viaveis considerando as novas condigdes ambientais
resultado pelo processo de adensamento de lenhosas.

Palavras-chave: Mosaicos campo-floresta. Trade-off funcional. Atributos acima do solo.
Atributos abaixo do solo. Coordenacao funcional.



ABSTRACT

Forests and grasslands often occur side by side in the landscape forming a complex
mosaic system. These alternative vegetation states are maintained by different disturbances
stabilizing feedbacks. Under absence or very low frequency of disturbances, woody plant
encroachment (WPE) takes place, and the vegetation changes from grassland with few
woody individuals to forest, thereby creating ecotones with contrasting environmental
conditions. Woody species that occur along this gradient adopt viable ecological strategies
which may be contrasting in each habitat. For this, plants are challenged to efficiently
coordinate the functioning of interdependent plant strategy dimensions above and
belowground. Here we aim to evaluate what happen to vegetation structure and functionality
of woody species along gradient of WPE over grasslands. We hypothesised that after 10
years without disturbances, the vegetation experiences structural changes that are
associate to shifts in the community functional pattern and in species ecological strategies.
We surveyed 60 plots in forest-grassland mosaics at two different times (2012-2022),
capturing a gradient from open grasslands, to encroached grassland and to closed forest,
to collect temporal field data about WPE process happening. We used an integrated
functional approach to assess the different dimensions of plant trait variation, including
above and belowground traits (whole-plant, leaf, stem, and root traits). Bivariate correlations
and multivariate analyses were used to assess trait coordination. Our results show that the
density of woody individuals increased in the former grassland, which today has a structure
similar to a young forest. In general, woody species colonising the grassland had
conservative leaves, a strategy for protection against high solar incidence and drought;
acquisitive roots for efficient competition for nutrients; and thick barks, that is an important
fire-resistance trait. On the other hand, forest species usually were taller and had acquisitive
leaves, indicating highly competitive ability for light in the light-limited forest habitat.
Interestingly, our results indicate that woody species occurring in forest-grassland mosaics
exhibited a clear trade-off between leaf and belowground. Overall, our results demonstrate
that forest and grassland harbour woody species with different ecological strategies, and
that without disturbance grasslands passes to gradual changes in vegetation physiognomy,
which allowed the arrival of species that have different ecological strategies that become
viable under the new environmental conditions formed by WPE.

Keywords: Forest-grassland mosaic. Functional trade-off. Aboveground trait. Belowground
trait. Functional coordination.
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2 INTRODUCTION

Woody encroachment in open ecosystems, such as grasslands and savannas, has
increased worldwide over the past 100-200 years (Archer et al. 2001, 2017, Bond 2008,
2016, Stevens et al. 2017). Woody plant encroachment (hereafter WPE) is defined as an
increase of woody biomass and forest coverage in an ancient and high biodiverse open
ecosystem (Archer et al. 1988, Bowman et al. 2001, Roques et al. 2001, Bond 2008, Stevens
et al. 2017, Garcia Criado et al. 2020). Open ecosystems form mosaics of vegetation with
different forest types, maintained by complex stabilizing feedbacks related to disturbance
regime (that favour grasslands and savannas) and shadiness (that favour forests) threshold
(Blanco et al. 2014, Dantas et al. 2016, Pausas and Dantas 2017, Pausas and Bond 2020).
The rate of woody individuals increment varies according to regional environmental
conditions and disturbance regimes (Stevens et al. 2017). In Brazil, open ecosystems have
experienced higher rates of woody encroachment in the last decades (Stevens et al. 2017),
which seems to be a consequence of an environmental policy of fire suppression (Overbeck
et al. 2007, Fidelis and Pivello 2011, Parr et al. 2014). These policies do not consider the
origin and evolutionary history of fire-prone ecosystems (Bond 2016, 2021), such as
Cerrado, the Central Brazilian savanna, and the South Brazilian grasslands (Overbeck et al.
2007, 2015, 2022, Fidelis and Pivello 2011, Durigan 2020, Pivello et al. 2021). Grasslands
and savannas evolved under a natural regime of disturbances by fire, which is a major factor
in shaping plant functional traits and mosaics of vegetation (Bond and Keeley 2005a, Keeley
et al. 2011). Species are subject to contrasting environmental conditions across forest-
grassland and savannas mosaics (hereafter forest-grassland mosaics, for simplification, but
referring to mosaics with savanna as well), where both habitats occur side by side in the
landscape (Whittaker and Levin 1977, Dantas et al. 2016, Bond 2021). Considering the
current threats to open ecosystems and the complex dynamics and feedbacks that maintain
forest-grassland mosaics, we must advance in our understanding of general changes of
species and community functional composition related to encroachment process, to better
manage and conserve these two contrasting ecosystems.

The Alternative State Theory postulates that contrasting vegetation types, such as
forests and grasslands and/or savannas, can occur as mosaics with sharp boundaries, side
by side in the landscape, under the same environmental conditions, as long as they are
submitted to different disturbance regimes (Whittaker and Levin 1977, Dantas et al. 2016,
Pausas and Bond 2020, Bond 2021). In Brazil, specifically in the Cerrado and the South
Brazilian grasslands, open vegetation forms mosaics with different forest types, which
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seems to be associated with the current climate conditions and absence of disturbances,
favouring encroachment to occur (Behling 1997, Pillar 2003, Behling et al. 2004, Blanco et
al. 2014, Souza 2021). Fire and herbivory act as major consumers of vegetation, helping to
shape the spatial distribution, structure, composition and functioning of communities (Bond
and Keeley 2005). Savanna and grassland species possess several adaptations to fire
(Bond and Keeley 2005b, Stromberg 2011, Keeley et al. 2011, Simon and Pennington 2012,
Dantas et al. 2016). The evolution and diversification of C4 grasses are associated with an
increase in the occurrence of fires during the Miocene in South America (Stromberg 2011).
There is evidence from dated phylogenies that fire played a central role in shaping
ecosystems of the Cerrado since at least 4 million years ago, with a peak of diversification
of species with fire-resistant traits (Simon and Pennington 2012). Megafaunal extinction
during the Holocene in the Neotropics released woody species from the pressure exerted
by large herbivores (Dantas and Pausas 2020, 2022) and was associated with the arrival of
the first Amerindians, which probably used fire, according to registers showing that
palaeofires continued to be frequent at the beginning of the Holocene (Behling 1997).
Grasslands and savannas were once thought of as secondary vegetation produced by
deforestation but are now seen as having an evolutionary history of coevolution with
disturbances long before human arrival, which shows that they are ancient vegetations, with
rich endemic biota adapted to a natural disturbances regime (Simon and Pennington 2012,
Overbeck et al. 2015, Durigan 2020, Suhs et al. 2020).

Forest-grassland mosaics are considered alternative states maintained by fire
stabilizing feedback (Dantas et al. 2013, 2016, Blanco et al. 2014, Bond 2016, Pausas and
Bond 2020, Bernardino et al. 2022). The feedback that stabilizes a particular habitat creates
the necessary conditions for it while simultaneously impeding conditions for another habitat,
as each habitat is resistant to changes in state (Pausas and Bond 2020, Bond 2021). This
process occurs at a local scale, in a landscape of local plant communities (forest-grassland
mosaics) connected by the dispersal of their species (Pausas and Dantas 2017). On one
hand, in grasslands, a natural-based fire regime contributes to maintaining the conditions
for open vegetation, i.e. with high light availability propitiating the dominance of shade-
intolerant flammable grasses that further increase the probability of fires (Bond and Keeley
2005a, Dantas et al. 2013, 2016, Blanco et al. 2014, Bond 2021, Pilon et al. 2021,
Bernardino et al. 2022). Once the natural disturbance regime is maintained, it contributes to
generating stable open ecosystems. In contrast, if a grassland goes without burning for a
long time, fire suppression interval will allow tree colonization (Pillar 2003, Maller et al. 2007,
2013, Blanco et al. 2014, Dantas et al. 2016, Pausas and Dantas 2017, Bernardino et al.



19

2022). As trees grow taller and block more light, the ecosystem may undergo significant
changes in the composition of species and the structure of vegetation (Bond 2021, Pilon et
al. 2021). When shade-intolerant, flammable grasses are completely excluded by the
shading of the forest, the fire-suppression threshold has been reached (Hoffmann et al.
2012). Shade generated by the tree canopy hinders the establishment of shade-intolerant
grasses and generates conditions for stable closed ecosystems, with shade-tolerant species
(Pausas and Bond 2020, Bond 2021). The switch from a highly flammable open ecosystem
to a non-flammable closed forest, therefore, results in a fundamental transition in the
behaviour of the system (Hoffmann et al. 2012, Dantas et al. 2013), from a state dependent
on and maintained by a fire regime with fire-resistant plants to a state that is considered
sensitive to it, as tropical and subtropical forests (Oliveras and Malhi 2016, Pivello et al.
2021).

Forest-grassland mosaics experiencing encroachment exhibit significant changes
in vegetation physiognomy and microclimate conditions along a local spatial gradient,
ranging from open to closed vegetation (Mdlller et al. 2007, Carlucci et al. 2012, Dantas et
al. 2013). In addition to the spatial gradient, it is also possible to access changes that occur
as a result of the WPE process over the years, i.e. temporal changes in vegetation
associated with a long disturbances-free interval (Maracahipes et al. 2018b, Goncalves et
al. 2021, Bernardino et al. 2022, Raymundo et al. 2023). Due to both spatial and temporal
variations can be assessed to better understand the WPE process, these complex mosaics
of vegetation present an ideal opportunity to study general community patterns and
functional adjustments of species to changing environmental conditions (Carlucci et al.
2012, Dantas et al. 2013, Maracahipes et al. 2018a, Flake et al. 2021, Carrijo et al. 2021,
Bernardino et al. 2022, Raymundo et al. 2023). The distinct environmental conditions of
each habitat may select and favour the establishment of different sets of species, thus
impacting the community's functional composition and ultimately, the whole ecosystem
(Wieczorkowski and Lehmann 2022). In the absence of disturbance, if the fire-suppression
threshold is surpassed (Hoffmann et al. 2012), the theory predicts grasslands tend to follow
a successional trajectory resulting from encroachment until it becomes a forest (Mdiller et al.
2013). However, information is still scarce on how this trajectory is, considering that there
are few temporal studies. To better understand vegetation dynamics and promote
conservation, it is crucial to assess functional changes in community and species
composition along spatial and temporal gradients of vegetation mosaics experiencing WPE.

Beta diversity (hereafter 3-diversity) is a measure of variation in species composition
between sites (Whittaker, 1960), and compares inventory diversity at two different scales
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(alpha and gamma diversity) (Baselga 2010). Functional B-diversity is a key facet of
biodiversity as it allows us to understand community assembly processes across
environmental gradients or spatial scales (Villéger et al. 2013, Socolar et al. 2016).
Functional B-diversity considers functional traits of species in the analysis of community
composition dissimilarities and can be decomposed in turnover and nestedness-resultant
components (Baselga 2010, Baselga and Orme 2012, Villéger et al. 2013). Turnover is
described as the species replacement between sites, and nestedness is described as the
richness difference between sites, both components of B-diversity help to understand
community structure and changes through time and space (Villéger et al. 2013). Assessing
functional B-diversity changes over time offer a unique opportunity to understand community
changes caused by species replacement and the arrival of species with different ecological
strategies. Despite this, few studies assess this facet of biodiversity (Socolar et al. 2016).
Resource-use ecological strategy is related to how plants allocate limited resources
to achieve better performance, so it can indicate what limits or favours plants in each habitat
given local environmental conditions and disturbance history (Dantas et al. 2013, Bernardino
et al. 2022). Resource-use ecological strategy permits the assessment of why a plant invests
in one dimension to the detriment of investment in others (trade-off); alternatively, how plants
may invest in a coordinated way between plant dimensions (positive covariance) (Reich
2014). Species subject to different environmental conditions can adopt distinct ecological
strategies to use available resources, depending on costs and benefits, that range from an
acquisitive (fast-growing) to a conservative (slow-growing) spectrum (Wright et al. 2004,
Reich 2014, Rosado and de Mattos 2017). Resource-conservative species have slow
growth but high survival rates, due to high investment in dry matter content of dense and
hydraulically safe tissues (Perez-Harguindeguy et al. 2016), which increases the capacity to
tolerate stress and toughest conditions (Grime 1977) to the detriment of low photosynthesis
and respiration rates (Wright et al. 2004, Reich 2014). Conversely, resource-acquisitive
strategies are characterised by quick returns on investments, with high rates of
photosynthesis and respiration and low dry matter content (Wright et al. 2004, Reich 2014,
Rosado and de Mattos 2017). Regarding ecological strategies of species in forest-grassland
mosaics, grassland species tend to have conservative strategy for leaves and traits that
contribute to tolerance of frequent fire, such as thick barks and resprout ability (Carlucci et
al. 2012, 2015, Dantas et al. 2013, Silva 2015, Pausas 2015, Maracahipes et al. 2018a,
Flake et al. 2021, Carrijo et al. 2021, Scalon et al. 2021, Bernardino et al. 2022, Raymundo
et al. 2023). Forest species, on the other hand, tend to be taller, grow faster and higher

specific leaf area, indicating a strategy for efficient competition for light (Maracahipes et al.
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2018b, Rodriguez-Cubillo et al. 2021, Flake et al. 2021, Carrijo et al. 2021, Bernardino et al.
2022). Both habitats are occupied by functionally different species, with disturbance playing
a key role in shaping and maintaining this complex and dynamic mosaic system (Whittaker
and Levin 1977, Dantas et al. 2016, Pausas and Bond 2020). However, if there occurs a
change in the disturbance regime, this can modify the environmental conditions and the
vegetation state. Once the fire suppression or the fire-resistance threshold is reached
(Hoffmann et al. 2012, Raymundo et al. 2023), there is a tendency for a change in
community composition and function as well (Dantas et al. 2013, Raymundo et al. 2023),
which tends to become forest or grassland habitats, respectively. To better understand
changes in species composition that occur over time associated with encroachment, long-
term temporal studies are needed.

Despite major advances in understanding the dynamics of forest-grassland mosaics
in the last two decades, some knowledge gaps still exist on how community composition
and ecological strategies of woody species may change over time along a spatial gradient
formed by forest-grassland mosaics, due to the scarcity of temporal studies. Also, we still
need to advance in functional ecology by including more plant dimensions, in specific
exploring the roots dimension. To our knowledge, existing information about functional
patterns of woody species along forest-grassland mosaics gradient is based on static (non-
temporal) studies, and mainly limited to traits related to the leaf economics spectrum (Muller
et al. 2007, Carlucci et al. 2012, 2015, Silva 2015). There is a knowledge gap regarding
other dimensions of form and function of plants (Diaz et al. 2016), especially in belowground
(Carmona et al. 2021, Freschet et al. 2021), that was considered the ‘black hole’ in plant
ecology (Weemstra et al. 2022). Integrating above and belowground traits render a more
complete understanding of plant performance and ultimately, community and ecosystem
processes, than separate assessments of plant dimensions (leaf, stem, root and whole-
plant) (Carmona et al. 2021, Freschet et al. 2021, Weemstra et al. 2022).

We conducted a study in Southern Brazilian forest-grassland mosaics to examine
how vegetation has changed structurally and functionally over time due to the absence of
disturbance, observing the encroachment process occur. For this, we adopted an integrated
functional approach to evaluate leaf, stem, root and whole-plant traits, relevant to the
performance of woody plants. We aimed to answer the following questions:

(1) How does the vegetation structure of the grassland subject to encroachment
change in space and time? With the interruption of the disturbance, we expected to observe

the process of WPE happening, with the gradual colonisation of woody species that may
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transform the grassland into a forest physiognomy, marked by an increase in the mean
height of vegetation, mean density and total basal area of woody individuals over the years.

(2) How does the functional composition of the community change along a spatial
gradient of forest-grasslands mosaics under WPE? And how does this composition change
through time along WPE? We expected to find high values of B-diversity comparing
grassland and forest communities mainly due to the turnover component because forest and
grassland communities have distinct sets of species, although some species occur in both
habitats. Over time, we expect 3-diversity values to decrease as a result of the increasing
similarity of functional composition of grasslands encroached and forest communities, result
of colonization of forest species.

(3) How are community functional patterns and species ecological strategies
distributed in a spatial gradient of forest-grasslands mosaics under WPE? And how do they
change over time along WPE? Different ecological strategies enable the occurrence of
species along a gradient between both habitats. Species that occur in grasslands would
present adaptations to survive in open ecosystems, with early investments in bark thickness
and higher leaf dry matter content, indicating a strategy to protect stem and leaf tissues
against fire. For the forest, we predicted light competition among trees would select for
increasing height and specific leaf, traits related to the ability to compete for light. Roots
should be coordinated to acquire resources fast and exhibit an acquisitive trait in forests too.
We expected a turnover in ecological strategies of woody species in grasslands that were
encroached because shifts in environmental conditions associated with WPE would allow
the establishment of species with other ecological strategies, mainly forest species. For
forests, we do not expect significant changes in functional patterns as they are in a stable
state and did not suffer any disturbances during the study period.

Finally, (4) we aimed to assess the whole-plant functional strategy, including
belowground, to understand possible coordination between above and belowground
dimensions. We are not expecting to find coupled resource use strategy for all plant
dimensions (as expected according to Reich 2014 and Weigelt et al. 2021). Instead, we
expect that each dimension responds to different selective pressures and environmental
conditions, with limited coordination between above and below-ground functional traits.
These expectations were built considering recent studies that showed that above and
belowground are not necessarily coupled (Carmona et al. 2021) and that a single
conservation-acquisition axis of variation cannot capture the variability of functions and
environmental pressures to which the root system is subjected (Weemstra et al. 2016,
Arrieta-Gonzalez et al. 2021).
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3 MATERIAL AND METHODS

3.1 STUDY SITES

We conducted this study in two sites of forest-grassland mosaics, located in the
state of Parana, southern Brazil, inside protected areas: Guartela State Park (GUA) and Vila
Velha State Park (VV) (Figure 1). The GUA is a protected area (24°33'45.52"S -
50°15'27.70" W), with 790 ha situated along the lap6 River canyon and elevations ranging
from 912 to 1,000 m. The VV (25°14'8.94"S - 49°59'50.23" W) has a total area of 3.803 ha
with elevations ranging from 800 to 1160 m. VV was created in 1990 and is subject to
prescribed fire every 4 to 5 years by the state environmental agency since ca. 2010. The
study area in VV was burned last time in 2017, i.e. between the two sampling years (2012
and 2022). However, the fire did not reach either forest or grassland now under woody
encroachment (personal observation and satellite images), possibly due to the proximity of
a river course that acted as a fire breaker. In opposition to VV, GUA had a zero-fire policy
until 2022, with no record of disturbance since the implementation of the protected area (in
1992, > 30 years). We consider that both study areas have not been disturbed and thus we
aim to verify the effect of this absence of management on vegetation dynamics. Also, there
were no domestic cattle or large native grazers in the study area, which could impact the
WPE process as well. The actual vegetation spatial gradient of forest-grassland mosaics is
a result of at least 30 years of WPE process due to fire and cattle suppression.

Study areas were located approximately 80 km apart from one another. However,
both areas are located under different climate classifications: Cfa for GUA and Cfb for VV
(Cruz 2007, Alvares et al. 2013). Cfa is a subtropical climate with an average temperature
(Temp.) in the coldest month below 18° C, and an average Temp. in the hottest month above
22° C, with hot summers, infrequent frosts and a tendency to concentrate rainfall in the
summer months, with no defined dry season. Cfa is a temperate climate with an average
temperature in the coldest month below 18° C, with cool summers and an average
temperature in the hottest month below 22° C, without a defined dry season (Cruz 2007,
Alvares et al. 2013). The climatic data of study areas were obtained from meteorological
stations close to the study areas, in the municipalities of Telémaco Borba (GUA) and Ponta
Grossa (VV), respectively (IDR-Parana, available at

https://www.idrparana.pr.gov.br/Pagina/Dados-Meteorologicos-Historicos-e-Atuais). The

mean annual rainfall is 1646 (GUA) and 1554 (VV), and are well distributed over the year,
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with only two months (July and August) with <105 mm in both study areas. The mean annual
temperature is 17.8°C (VV) and 18.6°C (GUA), whereas the monthly minimum and
maximum mean temperatures range between 13.5°C to 26.0°C (GUA), and 13.3°C to
24.1°C (VV).

Both study areas are located in the region of Campos Gerais (Maack, 1948), which
is formed by sedimentary rocks with a high diversity of soil types (Moro & Carmo, 2007).
Soils in both areas include haplic cambisols and humid litholic neosols derived
predominantly from sandy sedimentary rocks of the Parana and ltararé groups (Carmo
2006, Cervi et al. 2007, Moro and Carmo 2008). Previous soil analysis in study areas
concluded that the soil chemicals and structural characteristics are similar, however, VV
soils are considered a little more fertile than those in GUA, because of their lower sandiness
and higher concentrations of K and Mn, while GUA was characterised by sandier and acidic
soils (Moraes et al. 2016).

The vegetation in the study areas is composed of patches of grasslands, shrublands
and forests, which all together form a complex mosaic system (Figure 1). South Brazilian
grassland is the collective term used to refer to grassland vegetation in the Southern part of
Brazil (Rio Grande do Sul, Santa Catarina, and Parana states). South Brazilian grassland
included the Campos Gerais region, where our sites are located (see further details in
Overbeck et al. 2022). The vegetation of the Campos Gerais region has been gradually
replaced by different forest types as a consequence of changes from a drier to a more humid
climate in the last millennia (Maack 1948, Klein 1960, Behling 1997, Pillar 2003, Behling et
al. 2004b, Carlucci et al. 2021, Souza 2021). It is distinguished mainly by the presence of a
continuous layer formed by grasses, high species richness, and low tree density, without a
gradient of tree cover (Muller et al. 2013). The northern portion of the Campos Gerais, where
our sites are located, is a transitional zone including patches of Araucaria Forest, native
grasslands, and a strong floristic influence of Cerrado, especially in GUA, that is inside
Cerrado ecoregion. The Southern limits of Cerrado is in the Campo Gerais region,
represented by small disjunction patches with great affinities and floristic similarity with the
Northern savannah formations of Sdo Paulo and core area of the ecoregion (Cervi et al.
2007, Moro and Carmo 2008, Maris et al. 2010, Moraes et al. 2016). Cerrado is
characterized by different vegetation physiognomies that form a gradient of tree cover, from
pure grasslands (called campo limpo), to grassland with scattered woody species (called
campo sujo), to savanna until reaching an open forest physiognomy (called cerradéo)
(Batalha 2011, IBGE 2012). This gradient does not exist in South Brazilian grasslands,
where the woody component is almost exclusively of shrubs and trees of pioneer species
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from forests that are not fully adapted to fire, and who are able to establish in grasslands
with a sufficient interval without fire (Mdller et al. 2013). By contrast in Cerrado exist a lot of
wood species typical of savannas, that have adaptations to fire (Simon and Pennington
2012, Dantas et al. 2013, Maracahipes et al. 2018b, Goncalves et al. 2021, Bernardino et
al. 2022). Floristic studies that have assessed the flora of the Campos Gerais region identify
the proportion of shared species recorded may reach 40% for the flora as a whole and 60%
for grasses (Cervi et al. 2007, Ritter et al. 2010), and identify a phytogeographic barrier
between the phytocenoses of GUA and its surroundings and those of VV and its
surroundings (Ritter et al. 2010). This floristic influence is stronger in GUA, where a typical
savannah flora was found in previous surveys, (Moro and Carmo 2008, Ritter et al. 2010,
Moraes et al. 2016). The cooccurrence of these different vegetation types reflects the
confluence of subtropical and tropical floras, with the occurrence of typical elements of the
savanna together with grasslands (Moro and Carmo 2008). These floristic differences

justified our decision to analyse both study areas separately.

Parana State

150 Km

Legend
B Vila Velha State Park
A Guartela State Park
[-77 South Brazilian grasslands
I Araucaria Forest
Cerrado

[] Brazil

[ South America

Figure 1: Location of study areas. Map of South America, with the delimitation of Parana State, Brazil;
Location of the sampling sites in Vila Velha State Park (VV - square symbols) and Guartela State Park (GUA
- triangle symbols), in the transition region between Cerrado (light beige area), Araucaria Forest (green) and
South Brazilian grasslands (delimited striped area). Satellite images from both areas in 2022 (Google Earth

Pro). Biomes delimited according to IBGE (2012) classification.
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3.2 VEGETATION SURVEY

The first sampling was carried out in 2012 by the SISBIOTA Project Campos Sulinos,
a national project focused on surveying forest-grassland mosaics in South Brazilian
grassland. The project has established permanent plots located in forest-grassland mosaics
so that half of the plot covered forest habitat (hereafter forest) and the other half covered
grassland habitat (hereafter grassland). The transition between each habitat was
determined considering that grassland started when the continuous canopy from the forest
ended and the grass layer could be identified as the predominant cover in the ground (Silva
2015). The vegetation mosaic formed between grassland and forest is therefore the spatial
gradient of study. In addition to the spatial gradient, we also have the temporal gradient: the
areas were sampled in 2012, and in 2022 we returned and resurveyed the same sites to
obtain current data on vegetation function, structure and composition to compare what has
changed over these 10 years.

The sampling design consisted of one block of 70 m x 140 m per study area. Each
block was divided into two adjacent habitats, one covering forest and the other covering
grassland, each with 0,49 ha (70 m x 70 m). Each habitat was divided into 49 subplots with
10m x 10m, out of which 15 subplots were randomly selected for sampling. We sampled 30
subplots, considering both habitats, per study area, totalizing 60 subplots sampled. The
subplots were demarcated in 2012 with metal vertex and species identification plaques,
which allowed us to return to the same subplots in 2022 to do a second census of all
previously marked woody individuals. In each selected subplot, we recorded the total plant
height and diameter at the base height (DBH) of each stem for every woody individual whose
main stem had a DBH = 5 cm. Geographic coordinates were obtained at the centre of each
subplot using a GPS device.

To assess our assumption that temporal changes had occurred in vegetation
structure, and to better characterise the dynamics of WPE over grasslands, we calculated
the following community structural parameters per subplot: total number of adult tree
individuals, average plant height (m), mean number of stems and total basal area (m?/ha),
indicators of stand density (IBGE 2012). Forests' successional stage was determined for
each habitat according to the total basal area per hectare estimated (CONAMA n°
002/1994).
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Figure 2: lllustrative scheme of vegetation sampling design carried out in forest-grassland mosaics.
A) Sampling plots established in forest-grassland mosaic areas with a grassland and a forest block; B)
Example of distribution of plot permanent plots, divided into subplots, of which some were randomly
selected.

3.3 COLLECTION OF FUNCTIONAL TRAIT DATA

We chose seven functional traits that are good descriptors of the performance of
species along environmental gradients, according to studies that evaluated global form and
functional plant patterns (Westoby 1998, Westoby et al. 2002, Wright et al. 2004, McGill et
al. 2006, Moles et al. 2006, 2009, Chave et al. 2009, Perez-Harguindeguy et al. 2016, Diaz
et al. 2016, Salguero-Gomez 2017, Carmona et al. 2021). We measured the following
functional traits: leaf area (LA), specific leaf area (SLA), leaf dry matter content (LDMC),
stem-specific density (SSD), bark thickness (BT), maximum height (Hmax), specific root
length (SRL) and mean diameter of root (D) (Table 1). Hence, we measured functional traits
related to the whole-plant form and function spectrum (leaf — LA, SLA and LDMC; stem —
SSD and BT; root — SRL and D; and whole-plant — Hmax). The measurement of traits in
2012 was restricted to leaf traits and maximum height, and in 2022 applied to the whole
plant. Trait data collections were carried out between October-2021 and May-2022 and
followed the global protocol (Perez-Harguindeguy et al. 2016) and the standardised
procedures indicated by the TRY Database (Kattge et al. 2020). We adopted the minimum
number of >5 individuals sampled per habitat, as recommended by the global protocol
(Perez-Harguindeguy et al. 2016). For species that occurred in both habitats, we collected
data in each habitat to account for intraspecific variability (Violle et al. 2012). In the absence
of individuals to complete the minimum sampling effort for a given species inside the
subplots, we reached for individuals in the same block, then nearby the block but always in
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the same habitat, and finally in other blocks of the SISBIOTA Project, surveyed following the

same protocol (necessary just for two rare species in GUA). A detailed description of the

methodology for trait collection considering intraspecific variation is available in Appendix A.

Table 1: Functional traits selected to describe above and belowground ecological strategies of species, to

evaluate changes along a gradient of woody plant encroachment in forest-grassland mosaics. Abb. —
abbreviation, G — grassland, F — forest.

. Hypothesis
Functl.onal Abb. Unit Functional significance Reference
trait
G F
. (Westoby 1998,
AT mam e ot ™™ Molessta, 2008, Low gy
) Diaz et al. 2016)
. (Westoby 1998,
Related to responses f[o nutrient Wright et al. 2004,
5 stress, harsh  environmental .
Leaf area LA cm o . Donovan et al. 2011, Low  High
conditions and disturbances, a . .
. . Reich 2014, Diaz et
trait of the leaf economic spectrum
al. 2016)
Leaf economic spectrum, a trade-
Specific  leaf off between C gain and leaf
ar%a SLA cm? . g’ longevity, efficiency in the use of same as LA Low High
resources, competitive vigour for
light.
Leaf dry matter LDMC g.g" Lea_lf economic spectrum, same as LA High  Low
content resistance to leaf damage.
e A trade-off between growth vs.
Stem-specific  gon o3 g1 biomechanical and  hydraulic  (Ghaveetal 2009, oy
density . Diaz et al. 2016)
resistance.
Allocation of resources in the (Chave et al. 2009,
Bark thickness BT mm protection of vital tissues against Hoffmann et al. High  Low
damage, fire-resistance threshold 2012, Pausas 2015)
(Bergmann et al.
Fine-root trait related to resource- 2020, Carmona et al.
Specific  root SRL m.g"’ use strate and capacity to 2021, Weigelt et al. Low High
length 9 acquire rescg)L)jlrces in thepsoil Y 2021, Freschet et al. ?
q ’ 2021, Weemstra et
al. 2022)
Fine-root trait related to resource-
Mean root D mm use str_ategy a_nd fungal same as SRL High  Low
diameter collaboration interaction to acquire
resources from the soil.
Root branchin Fine-root trait related to resource-
f 9 RBF mm use strategy and capacity to same as SRL Low High
requency . : ;
acquire resources in the soil.
3.4 STATISTICAL ANALYSIS
3.4.1 Vegetation structural analysis
We performed a principal component analysis (PCA) to reduce the

multidimensionality of vegetation structural parameters, considering the existence of some
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correlation between them i.e., the known correlation between the average height and total
basal of the community (Dantas et al. 2013). Data of vegetation inventory was organized
per subplot sampled, considering the total number of individuals, average height of the
community (m), total basal area (m?ha') and the mean number of stems per subplot. The
PCA axis was used as an index that synthesizes structural change in vegetation that exists
in a gradient formed by mosaics of grassland-to-forest, by summarizing the variety of
important densitometric and structural parameters of the community, combining the variation
of basal area, plant height and tree density, consider good predictors of canopy closer and
vegetation structure (IBGE 2012, Dantas et al. 2013). We expected that the structural PCA
axis synthesizes and reflects the general changes in vegetation structure and in the light
environment along the spatial gradient formed by grasslands and savannas to closed forests
and along the temporal gradient of WPE. Hereafter the first PCA axis is called ‘vegetation
structure index’. The structural PCA was built using the ‘prcomp’ function of the ‘stats’
package, the basic package of R.

We construct a model to evaluate how much variation in structural data of vegetation
can be explained by habitat (forest vs. grassland), and the two sampling years (2012 and
2022), that were our predictor variables, to answer question 1. As a response variable, we
used the vegetation structure index. We performed a permutational multivariate analysis of
variance (PERMANOVA) with 999 permutations. As we have the same subplots sampled in
two periods of time, we used a two-way PERMANOVA with repeated measures, which is
recommended whenever multiple observations on the same replicate were collected at
different times (Gotelli & Ellison, 2016). Models were performed per study area (considering
the floristic differences discussed), using ‘Imp’ function of the package ‘ImPerm’ (Wheeler et
al. 2022). We calculated the proportion of variance explained by our predictor variables,
considering only significant results. In addition to the temporal autocorrelation controlled with
repeated measures, we assessed spatial autocorrelation between plots by using Moran’s
spatial auto-correlograms (Diniz-Filho et al. 2003) (see supporting information for details, in
Appendix B).

To assess differences in averages between habitat and year of sampling, we
performed a post hoc analysis using a pairwise two-sample permutation test, with the
‘pairwisePermutationTest’ function of package ‘rcompanion’ (Mangiafico 2017), applying the

Bonferroni correction to P-values for multiple tests, to test pairwise differences.
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3.4.2 Community functional analysis

We aim to understand how the general functional pattern of the community and the
ecological strategies of species may change along spatial and temporal gradients of
vegetation under WPE.

For functional community analysis, was necessary to scale up traits measured at the
species level to the community level. We have functional trait data at species level,
incorporating intraspecific variation of species that occur in both habitats and/or in both
sampling years (details in Appendix A). We scaled up species trait information to the
community level by computing mean trait value per subplot, incorporating species
abundance, using community-weighted trait means index (hereafter CWM; Lavorel et al.
2008). With this, we have the mean value of each trait, considering the species composition
of each subplot, and the respective abundance of species. We first calculated CWM with
functional data in their real scales, and later standardised the CWM matrix to zero mean and
unit variance, and carried out a PCA with the CWM standardised matrix (hereafter called the
functional community PCA). We used the function ‘functcomp’ of the ‘FD’ package.

To test how the functional pattern of community shifts in response to structural
changes in vegetation as a consequence of the WPE process, we performed a
PERMANOVA. The first main axes of the functional community PCA were used as response
variables in our model and as predictor variables was used the vegetation structure index.
Thus, we can understand how functional changes in communities are associated with
encroachment along space and along time.

Furthermore, we assessed functional beta diversity (hereafter functional B-div). We
used the approach by Villéger et al. (2013), which adopted the taxonomic B-div framework
by Baselga (2012) to functional B-div using multivariate trait spaces. Functional B-div
computes distances matrices accounting for total B-div, considering B-div = (functional space
not shared / total functional space filled) and decomposes it into turnover and nestedness
components (Villéger et al. 2013). High functional turnover means that the communities host
different ecological strategies, while low functional turnover and high nestedness indicate
that one community hosts a small subset of the ecological strategies present at the other
(Villéger et al. 2013). We measured functional B-div and their respective turnover and
nestedness-resultant components among habitats (forest or grassland) and sampling year
(2012 or 2022), using the standardised trait matrix. We wused the function

‘functional.beta.pair’ of the ‘betapart’ package (Baselga and Orme 2012).
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3.4.3 Species functional analysis

We followed the analytical methodology proposed by Diaz et al. (2016) in the global
spectrum of plant form and function and by Carmona et al. (2021) in the global spectrum
including fine-root traits. Functional data were organized in a matrix of the mean trait value
per specie, per habitat, and per sampling year, to do the functional analysis. Thus, we were
able to maintain variation for species that occurred in both habitats and both sampling
periods. We performed a PCA for above and belowground traits to extract the main axes of
variation and evaluate functional trade-offs or covariances between traits at the species
level, related to our question four.

First, we standardised the functional trait matrix to zero mean and unit variance, using
the ‘decostand’ function of the ‘vegan’ package. We applied a PCA on the trait standardised
matrix to assess functional trait variation as a consequence of WPE, hereafter called the
functional species PCA. This analysis was used to reduce trait dimensionality to significant
axes of trait variation and to characterise the trait space occupied by species in each habitat
and possible changes that occur along WPE. The strength of the correlation between
functional traits and principal components was used to infer gradients in life-history trade-
offs at the species level. We retained functional traits with correlations = 0.4 with a given
axis for further interpretation. To visualize the occurrence probability of given combinations
of functional traits in a two-dimensional space defined by PCA axes, we used multivariate
kernel density estimation, which revealed areas of high density of occupation. We performed
the kernel density estimation using ‘kde2d’ function (‘MASS’ package) and produced plots
using ‘stat_density 2d’ function of ‘ggplot2’ package. To test for pairwise correlations among
traits above and below-ground, we performed the analysis of correlation using Pearson
correlations with the ‘corrplot’ function from the corrplot package (Wei et al. 2021).

Analyses were conducted in R software version 2022.02.3+492 (R Core Team,
2022).
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4 RESULTS

4.1 CHANGES IN VEGETATION STRUCTURE ACROSS SPACE AND TIME

Our results showed that both study areas had undergone a considerable increase in
woody cover over 10 years without disturbance (Table 2). Woody individuals were rare in
the grasslands in 2012. In the absence of disturbances, forest species have been able to
colonise the grassland (Figure 3). We found clear structural differences between grassland
in 2012, grassland in 2022 and forest in GUA (pseudo-F = 70.46, R> = 0.78, p = 0.001) and
in VV (pseudo-F = 85.21, R? = 0.74, p = 0.001). Both models had a good fit and no sign of
spatial autocorrelation in the residuals (Figure SM 4 and Figure SM 5). In Guartela State
Park (GUA), we recorded 395 individuals in 2012: 72 in the grassland and 323 in the forest.
After 10 years, we recorded 711 individuals: 294 in the grassland and 417 in the forest,
representing an increase of 302.76% and 29.10% in the density of woody individuals, in the
grassland and the forest, respectively. A total of 65 species were registered in GUA, among
which 17 occurred exclusively in the grassland, 31 occurred exclusively in the forest, and 17
were found in both habitats. In Vila Velha State Park (VV), we recorded 441 individuals in
2012: 67 in the grassland and 374 in the forest. Similarly, in VV was evident the impact of
WPE led to a substantial change in vegetation structure: in 2022 we recorded 647 woody
individuals, among which 224 occurred in the grassland and 417 in the forest, representing
an increase of 234.32% the density of woody individuals in the grassland and 11.76% in the
forest. These individuals belong to 49 species, among which five species occurred
exclusively in the grassland, 31 exclusively in the forest, and 13 occurred in both habitats.

We found clear structural differences between forest and grassland over time (the
structural PCA results; Figure SM 6). PC1 differentiated forest from grassland for both
sampling years. It was positively related to higher values of basal area, height and number
of individuals per plot, which characterise forests, and negatively related to higher mean
values of tillers number, that separate grassland subplots. Considering the high correlation
in structural parameters of vegetation, and clear differences between grassland and forest,
a single axis of the structural PCA was able to capture 69.1% and 67.8% of vegetation
variation between habitat and through time, in GUA and VV, respectively. This PC1 was
used as an vegetation structure index that synthesizes vegetation structural changes in

subsequent functional analyses. Details about the structural PCA available in Appendix E.
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Figure 3: Synthesis of vegetation structural changes after 10 years of woody plant encroachment in forest-
grassland mosaics. A) Violin plot (boxplots combined with kernel density plots) comparing the number of
individuals in each habitat. Data of Guartela State Park. B) Violin plot comparing total basal area (m?) per

subplot sampled (100 m?), estimated for 1 hectare. Data of Vila Velha State Park. Distinct letters represent

significant differences between habitats in the pairwise permutation Tukey's HSD post hoc test, all p < 0.05;
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C) lllustrative drawing of the vertical profile of vegetation height through a temporal gradient of changes in
vegetation under WPE; D) Photographic record of grassland in 2012, in 2022 and forest, respectively. All
photos are from Vila Velha State Park.

Table 2: Temporal changes in vegetation structure along the woody plant encroachment process. Values are
the mean and standard deviation. The mean value per subplot represents data collected per subplot of 100
m? sampled. Distinct letters represent significant differences between habitats in the pairwise permutation

Tukey's HSD post hoc test, all p < 0.05.

i Grassland Forest
Guartela State Park
2012 2022 2012 2022
Total number of woody species 21 32 40 44
Mean number of woody individuals per subplot 521+291a 21.00+863b | 21.53+456b 27.80+6.14c
Increment of woody individuals per subplot, in ) 302.73% ) 29.10%

percentage

Mean number of stems per individual per
subplot

Mean height (m)

Total basal area estimated per hectare (m?ha-')

257+230c 3.80+x450b

395+150a 341+x1.21a
521+394a 1621+x7.45a

1.15+0.52 a 1.27+0.85a

6.66 +2.40 b 6.93+3.44c
40.53+13.95b 45.00+17.25b

Forest sucessional stage initial intermediate advanced advanced
Grassland Forest
Vila Velha State Park
2012 2022 2012 2022
Total number of woody species 12 16 40 41
Mean number of woody individuals per subplot  4.46+258c 14.93+6.76b | 2493+599a 27.86+5.69a
Increment of woody individuals per subplot, in ) 234 329, ) 11.76%

percentage
Mean number of stems per individual per
subplot

Mean height (m)
Total basal area estimated per hectare (m?/ha')
Forest sucessional stage

3.37+280b 233+x1.92b

6.20+1.27b 6.68+1.32b
814+740c 2199+12.06b
initial intermediate

1.43+0.98 a 1.54+115a

7.87+0.91a 8.74+1.15a
33.29+11.66a 39.59+13.65a
advanced advanced

4.2 SHIFTS IN COMMUNITY FUNCTIONAL PATTERNS UNDERLYING WOODY PLANT

ENCROACHMENT

The structural and physiognomic changes that occurred associated with the WPE

process were accompanied by shifts in the functional pattern of the community, resulting in

trait-based distinctions between forest and grassland habitats.

The PCA revealed two main axes of variation, which primarily separated grassland

communities from forest communities (PC1). The first axes of the functional community PCA

were capable to synthesize 74.2% and 65.4% of the variation in functional traits scale-up at

the community level, in GUA and VV, respectively. In GUA the first axis was positively
correlated to higher CWM values of LDMC, SRL and RBF, which distinguished grassland

communities, and negatively related to higher CWM values of LA, SLA, D and Hmax, related

to forest communities. In VV the first axis was positively correlated to SRL, RBF and BT,

and negatively correlated to SLA and Hmax, and also clearly separate forest and
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grasslands, that barely overlap in the functional community PCA. Also, in VV the second
axis is important (according to broken-stick criteria), and synthetizes a negative relationship
between D, LA and Hmax. The first axis, in both study areas, separated grassland and forest
communities, with the first being characterized by acquisitive roots traits, conservative
leaves and high resistance against fire events (high BT), from forest communities, which
possess traits values associated with competition for light, with acquisitive leaves, higher
Hmax and conservative roots traits.

There were considerable changes in CWM trait values along the spatial gradient of
forest-grassland mosaics and over time, showing a functional trajectory of changes
associated with encroachment. We found a considerable decrease in LDMC, BT, RBF and
SRL values, which were high in grassland communities in 2012 and tend to decrease in
grassland in 2022, with lower values found in forest communities (Figure 5). The opposite
pattern is observed for SLA and Hmax which tend to increase associated with the
advancement in encroachment, in both study areas. In GUA, LA and SSD had a significant
increase comparing grassland in 2012 with encroached grassland and forest, however in
VV this trait did not have significant changes, as shown in the pairwise analyses. The
functional trajectory of change in the community was similar for most of the functional traits
assess above and below ground. However, for D we obtain a contradictory pattern: D was
higher in forest communities in GUA and higher in grassland communities in VV. Detailed
results of the PCA at the community level are available in Appendix F.

We test if the clear functional differences between grassland and forest communities
identify in functional community PCA were correlated to the WPE process, performing a
model where the response variable was the axes that synthesize the functional variation
and the predictor variable was the vegetation structural index. We found that a significant
portion of shifts in community functional patterns was explained by the structural vegetation
index in GUA (pseudo-F = 166.5, R> = 0.74, p = 0.001) and in VV (pseudo-F = 120.4, R? =
0.67, p = 0.001). In other words, there is a general change in the community functional
pattern and a large part of this change is directly associated with the process of WPE that
resulted in shifts in vegetation structure and physiognomy. Both models had a good fit and
no sign of spatial autocorrelation in the residuals. The vegetation structural index was
strongly correlated with the first axis of functional community PCA (PC1) in GUA (r= -0.86,
P <0.001) and VV (r=-0.76, P < 0.001). Considering the second axis, this correlation is not
significative in GUA (r=-0.02, P=0.863) or diminish in VV (r=-0.37, P= 0.003). This negative
correlation between functional patterns and structural shifts means that with an increase in

vegetation encroachment (high vegetation structural index values) occur a decrease in the
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typical functional characteristics of grassland communities (high values of PC1), which tend
to become similar to forests communities. Community-weighted trait means changed linearly
with forest development. Also, the strong correlation between the vegetation structural index
and PC1 in both study areas indicates that this may be the main functional trade-off in the
community — a trade-off between being acquisitive in leaves or roots traits since both had
negative covariance.

The grassland presented a considerable reduction in functional space between
2012 and 2022, in both study areas. Grassland in 2022 seems to follow a functional
trajectory that is leading it to become more similar to the forest. The forest presented a
similar functional pattern in both sampling years. Comparing both study areas, GUA is
characterized by higher functional dispersion in grassland, while VV is characterized by
higher functional dispersion in forest.

High functional B-div between habitats and sampling years was found in both study
areas, mainly due to a high level of functional turnover (Table 3). We observed the highest
values of turnover when comparing the grassland with the forest in both periods. It means
that species found in grassland and forest are functionally very different. In contrast, we
found that nestedness accounted for most of the total functional 3-div when comparing
grassland in 2012 and 2022, which seems that the grassland community in 2022 fills only a

small portion of the functional space filled by grassland in 2012 (Table 3).
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Figure 4: Functional community pattern of grassland and forest habitat. Analysed at the community level, the
dots represent the subplots sampled in each habitat and sampling year. CWM values were calculated
considering species abundance for each subplot. Detailed results of the PCA at the community level are
available in Appendix H. Grassland is identified with beige colours (light beige for 2012 sample, and
brownish beige for 2022 sample. Forest is identified with green colours (light green for 2012 sample and dark
green for 2022 sample). Legend: GUA: Guartela State Park; VV: Vila Velha State Park. Functional traits: LA
— leaf area, SLA — specific leaf area, LDMC - leaf dry matter content, SSD — stem-specific density, BT — bark
thickness, SRL — specific root length, D — average diameter, RBF — root branching frequency, Hmax -
maximum height. Details are available in Appendix F.

Table 3: Functional index of B-diversity among habitats (grassland and forest) and sampling year (2012 and
2022). Total functional B-diversity was decomposed in turnover (turn.) and nestedness (nest.) components.

The values in percentages are presented.

N . GUA vV

Pairwise comparison between Turn Nest Tumn  Nest
habitat and year B-div  Turn. Nest % % B-div. Turn  Nest % %

S&:ZS'a”d 2012 and Grassland o5 ) 4170 5034 330 9670 | 76.85 4472 3213 5819 4181
Grassland 2012 and Forest 2012 73.12 44.23 28.89 60.49 39.51 96.33 82.10 14.22 85.23 14.76
Grassland 2012 and Forest 2022 99.55 99.38 0.16 99.83 0.16 98.63 94.19 4.43 9550 4.49
Grassland 2022 and Forest 2012  38.51 38.03 0.48 98.75 1.25 70.66 51.32 19.34 72.63 27.37
Grassland 2022 and Forest 2022 87.06 81.97 5.09 94.15 5.85 8271 7418 852 89.69 10.30
Forest 2012 and Forest 2022 52.81 3357 1924 6357 36.43 | 33.09 2749 560 83.08 16.92
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Figure 5: Changes in functional pattern of community during woody plant encroachment. Violin plot
(boxplots combined with kernel density plots) comparing functional traits weighted by species abundance
(CWM values for each trait), scale-up at the community level, along a spatial and temporal gradient of woody
plant encroachment, in forest-grassland mosaic located in (A) Guartela State Park (GUA) and (B) Vila Velha
State Park. Boxplots showing median and 25 and 75° percentiles. The vertical curves display the kernel
density estimates for each parameter's probability density function. Distinct letters represent significant
differences between habitats in the pairwise permutation Tukey's HSD post hoc test, all p < 0.05. Traits

legend is the same as above.
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4.3 SHIFTS IN SPECIES FUNCTIONAL TRAITS UNDERLYING WOODY PLANT
ENCROACHMENT

Variation of leaf, stem, root and whole-plant traits was summarised in ordination axes
that represent important functional trade-offs at the species level.

Functional analysis at the species level showed that grassland and forest formed
distinct functional hotspots in the functional trait space (Figure 6). Exist some degree of
overlap between habitats and sampling years, which can suggest that despite the existence
of an overall functional pattern in the community, with no overlap between forest and
grassland in the community functional analysis (Figure 4), many species that were present
in the community may not fit into it.

The functional pattern of acquisitive roots (high SRL and RBF values) in grasslands
and acquisitive leaves in forest (high SLA values), identify at the community level, was found
also considering species level. Curiously, D was the only trait that has a contradictory pattern
in community analysis comparing both study areas. However, in species-level analysis, this
trait had the same functional pattern: higher D values in forest and lower in grassland, with
a negative covariance with the other two root traits (SRL and RBF), which had higher values

in grassland and lower values in forest (Figure 6).

IS

Functional PCA GUA Functional PCA VV Habitat and sampling year
@ Grassland 2012

@ Grassland 2022

@ Forest 2012

® Forest 2022

25 -2 0 2 4

-2.5 0.0
PC1 (28.8%) PC1 (24.7%)

Figure 6: Functional distinctions between forest and grassland species ecological strategies associated with
woody plant encroachment over time (2012-2022) in southern Brazil. Study areas: Guartela State Park
(GUA) and Vila Velha State Park (VV). Dark colours indicate functional hotspots in the multivariate functional
space, i.e. regions with a higher density of species in the functional space. Legend: Functional traits: LA —
leaf area, SLA — specific leaf area, LDMC — leaf dry matter content, SSD — stem-specific density, BT — bark
thickness, SRL — specific root length, D — average diameter, RBF — root branching frequency, Hmax -
maximum height. Details are available in Appendix G.
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5 DISCUSSION

5.1 FUNCTIONAL TRAJECTORY AND STRUCTURAL CHANGES IN VEGETATION
SUBMITTED TO WOOD PLANT ENCROACHMENT

In this paper, our goal was to evaluate how the vegetation structure changes in
response to the WPE process and its relation of this with shifts in community functional
patterns and species ecological strategies. By comparing vegetation plots sampled with 10-
year intervals in areas under WPE, we were able to record significant changes in vegetation
structure that occur due to the absence of disturbance. The grassland had been colonised
by woody individuals and now presents a vegetation structure similar to a young forest,
regarding woody density, community mean height and basal area. Surprisingly, the density
of woody individuals in the grassland increased by 302.73% in GUA and 234.32% in VV.
This increase in density, as well as the mean community height and basal area, is typically
associated with increased shade conditions (Carlucci et al. 2012, Dantas et al. 2013, Flake
et al. 2021). The encroachment process leads to the exclusion of grasses and shade-
intolerant species, resulting in changes in vegetation-fire feedback (Pilon et al. 2021). The
threshold of tree basal area (m? ha') for Neotropical ecosystems know to be 6.85 + 3.74 for
savannas and 26.96 + 10.22 for forests (Dantas et al. 2016). Forest species are generally
absent from communities with a basal area < 8 m? ha™', a medium density for cerrado sensu
stricto savanna (Flake et al. 2021). Once this threshold is surpassed, the expectation is that
vegetation physiognomy shifts will lead to a change in the vegetation state, from open to
closed vegetation. Although the basal area was lower in the grassland in 2012, we observed
a 67.85% increase in GUA and a 62.98% increase in VV, surpassing the recognized basal
area threshold for open ecosystems (Dantas et al. 2016, Passos et al. 2018). The temporal
evaluation of the WPE process allowed us to confirm, for the first time for mosaics in South
Brazilian grassland, that a shift in vegetation alternative state occur over ten years, in a
landscape where fire suppression had been implemented for 30 years (since the creation of
the protected area). These findings support the predictions of the Alternative States Theory
(Bond and Keeley 2005a, Dantas et al. 2013, 2016, Pausas and Bond 2020, Bond 2021),
indicating that a vegetation state change occurs through time. Over time, grasslands subject
to WPE became similar to a forest, regarding both vegetation structure, community
functional pattern and ecological strategies of species. The grassland habitat nowadays is
following the successional processes of a secondary forest, resembling the structure of
Cerradéao in GUA and young Araucaria Forest in VV.
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Our results demonstrate that the WPE process not only changes vegetation
structure, state and physiognomy, but also drive substantial changes in community
functional patterns and species ecological strategies, leading to directional shifts in the
dominant life-history strategies in the community. As environmental conditions gradually
shift from open to closed environments, forest species with different ecological strategies
are able to establish themselves. Without fire suppression, these forest species would hardly
survive due to insufficient time to surpass the fire-resistance threshold (Hoffman et al. 2012).
However, the suppression of fire allows forest species to successfully establish and
significantly reshape the functional pattern of the community. In grasslands, the prevailing
functional pattern is characterized by conservative leaves (high LDMC and low SLA values)
for protection against high solar incidence and drought, acquisitive roots (high RBF and SRL
values) for efficient nutrient competition, and thick barks (high BT values) for protection
against fire. The encroachment is correlated with a decrease in these sets of traits, while
causing an increase in others (Dantas et al. 2013, Flake et al. 2021, Raymundo et al. 2023).
Over time, we observed an increase in Hmax, with increase investment in acquisitive leaves
(high SLA values) to efficiently acquire resources in a light-limited environment, in detriment
of decrease in BT values and in root trait values (with high D and lower SRL and RBF),
indicating a conservative strategy for roots. Notably, even forest communities undergo
changes, as indicated by increased SLA and Hmax and decreased LDMC values when
comparing forests from 2012 to the present. This functional pattern is very clear at
community level, however exist a wide range of variation at the species level, which can
indicate the arrival of species with other ecological strategies, due to the encroachment that
changes environmental conditions, corroborating functional B-div results that show a high
functional turnover. Our results indicate the existence of life-history strategies that are
vulnerable to encroachment, represented by woody species typical of grasslands and
savannas, and life-history strategies that are favoured by encroachment, represented by
woody species typical of forest habitat. Species that evolve under different selective
pressures may develop different ecological strategies that allow them to have a better
performance under certain conditions (Grime 1977, Grime and Pierce 2012, Diaz et al.
2016). Grasslands and savannas evolved under regimes of disturbances by fire, which is a
major factor shaping plant functional traits (Bond and Keeley 2005a, Keeley et al. 2011),
and possess functional strategies to survive and have a good performance in open
ecosystems. However, once the environment changes, species adapted to open
environments tend to be gradually excluded and replaced by forest species in the
encroached habitat.
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5.2 FUNCTIONAL COMMUNITY CHANGES THROUGH SPACE AND TIME IN A MOSAIC
SYSTEM SUBMITTED TO ENCROACHMENT

Species with lower SLA and higher LDMC values dominate in grassland habitat,
indicating a conservative strategy for leaves, i.e. high investment in dry matter in relation to
leaf area, which enables woody species to establish under high solar incidence in
grasslands. Leaf protection is fundamental for plants that grow in open habitat, to avoid
damage of high exposition to direct sunlight on leaf tissue or water loss via
evapotranspiration (Wright et al. 2004, Donovan et al. 2011). We corroborated our
hypothesis that the average tree leaf in the sunny grassland had a conservative strategy.
Conservative leaves have long leaf lifetimes in detriment of slow growth, low photosynthesis
and respiration rates (Wright et al. 2004, Donovan et al. 2011, Reich 2014, Diaz et al. 2016).
Higher LDMC may be due to thicker epidermis, cuticle and cell walls, which increase
resistance against desiccation and herbivory with better protection from damage (Reich
2014, Perez-Harguindeguy et al. 2016, Weigelt et al. 2021). Hotter and drier microhabitats
under open conditions (low basal area, low tree cover) may limit survival of plants with
acquisitive leaves, due to a high risk of dehydration under such conditions (Carlucci et al.
2012). This pattern have been recorded in many studies of forest-grassland and forest-
savanna mosaics (Carlucci et al. 2012, 2015, Dantas et al. 2013, Silva 2015, Maracahipes
et al. 2018b, 2018a, Carrijo et al. 2021), since the leaf economics spectrum is far more
exploited than other plant dimensions (Weemstra et al. 2016, Freschet et al. 2021). Over
time we register the increased in dominance of species with higher SLA, with gradual
decrease in LDMC values. Species that could suffer dehydration in the open habitat due to
more vulnerable acquisitive leaves were able to establish in the encroached habitat over
time. Also, this decrease in LDMC values can indicate the mortality of typical grassland
species with conservative leaves (Flake et al. 2021, Raymundo et al. 2023).

As a consequence of encroachment, the shade condition created by the continuous
canopy in the forest may give an adaptative gain for species with acquisitive leaves and
higher Hmax, that were able to increase light interception and photosynthetic rates (Westoby
1998, Donovan et al. 2011, Diaz et al. 2016). Light varies significantly along a vertical
gradient in a forest, as light is intercepted by taller individuals and gradually decreases in
each successive layer of leaves (Craine and Dybzinski 2013). Because light is supplied from
above the plants, taller woody individuals better intercept and compete for the light available
along forest strata (Moles et al. 2009), with an increase in photosynthetic rates and indirectly
reduce the growth of neighbours via shade (Craine and Dybzinski 2013). Forest species
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had, in general, acquisitive leaves and higher Hmax to increase light capture under shade
conditions (Westoby 1998, Wright et al. 2004, Donovan et al. 2011). Similar results were
obtained in grassland-forest mosaics in the Pampa, the southernmost region of Brazil, where
higher LA and SLA values were found in forest communities under denser canopies,
whereas leaf thickness and LDMC values were higher in grasslands, among saplings
(Carlucci et al. 2012, 2015) and adult tree communities (Silva 2015). Across a fire gradient
in savanna-forest mosaics in the Cerrado, woody species had mainly conservative leaves
in grasslands and acquisitive leaves in forests (Bernardino et al. 2022), the same functional
result obtained in our study. As a consequence of the change in vegetation due to the WPE
process, we were able to document the gradual change in the functional pattern described
above: the dominant pattern of conservative leaves had been gradually replaced by
acquisitive leaves, at the community scale, a directional shift from grassland to forest.

Grasslands are adapted to fire and harbour woody species with fire-resistance traits
(Pausas 2015), while forests are considered sensitive to fire (Pivello et al. 2021). Fire is
predicted to have a key role in shaping BT due to its efficiency in causing tree mortality,
while thicker barks are effective heat insulators that ensure the protection of stem tissues in
fire-prone ecosystems (Pausas 2015). At the global scale, a significant proportion of the
variability in BT is explained by the variability in fire regimes (Lawes et al. 2013, Pausas
2015). Studies in fire-prone habitats consistently show a dominant strategy of greater
investment in thicker bark in areas more susceptible and with a history of fire, such as
grasslands and savannas (Hoffmann et al. 2012, Dantas et al. 2013, Lawes et al. 2013,
Maracahipes et al. 2018a, Carrijo et al. 2021, Scalon et al. 2021, Bernardino et al. 2022,
Raymundo et al. 2022). In our study areas, we record high BT values in grassland in 2012,
meanwhile the encroached habitat experiences a significant decrease in bark thickness (that
reach 65.52% decrease comparing grassland in 2012 with forest in 2022), mainly due to the
establishment of thin-barked forest species. The decrease in bark thickness indicates an
increase in fire-sensitive species dominance, rendering the community more vulnerable to
fire disturbances (Flake et al. 2021). Concurrently, as BT decreases, Hmax tends to increase
in encroached communities, indicating a change in life-story strategy dominance associated
with the WPE process, allowing woody species to survive under dense shade. Negative
relationships between BT and Hmax were already reported in many studies in Cerrado
(Maracahipes et al. 2018b, 2018a, Rodriguez-Cubillo et al. 2021, Flake et al. 2021, Carrijo
et al. 2021, Scalon et al. 2021, Bernardino et al. 2022, Raymundo et al. 2023, Chiminazzo
et al. 2023).
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While tissue protection is fundamental for leaves and stems above the ground,
individuals growing in grassland must compete directly with grasses for soil nutrients and
water belowground. The possible explanation for the success of grasses in limiting trees
and dominating grasslands is related to their advantage in exploring soil nutrients more
intensively than trees, better protection against fire and herbivory, and faster regrowth rates
(Bond 2008). Grasses have dense fibrous root systems, with higher SRL and lower root
diameter than woody species (Freschet et al., 2017), being formidable competitors to woody
species (Bond 2008). We noticed in the field while digging the soil to collect the samples, a
dense cluster of grass fine roots in the grassland, which indicates woody individuals that
establish in grasslands face high competition for resources with grasses. We found that
woody species that occur in grassland generally invest in acquisitive roots which allows to
explore larger portions of the soil, with high RBF and SRL values. Acquisitive species have
cheaper root tissues, with lower investment in dry matter per length of root build and root
lifespan (Weemstra et al. 2016, Freschet et al. 2021). Plants with high RBF and SRL may
have an advantage in the competition for soil nutrients, because their roots occupy a larger
volume of soil with less energy spent in biomass construction (Perez-Harguindeguy et al.
2016, Freschet et al. 2021), which seems to have been an adaptation for direct competition
with grasses (Bergmann et al. 2020, Freschet et al. 2021). Unlike the traits of other plant
organs, root traits did not change the functional pattern comparing grassland in 2012 and
the encroached habitat in 2022, where there is still a predominance of an acquisitive strategy
for roots.

On the opposite, in forest habitat predominate a conservative strategy for roots, with
lower values of RBF and SRL, and higher values of D (just for GUA and at the species level
for VV). A conservative strategy for roots is characterised by a high investment in thick roots
with more dry matter invested per length, with lower RBF and SRL values. Belowground is
more complex than assumed, as the roots may perform a variety of functions and respond
to wide variations in environmental conditions and resource availability below ground
(Weemstra et al. 2016, 2022, Bergmann et al. 2020, Carmona et al. 2021). The root
economics spectrum has two main axes of variation: a first related to fast-slow trade-off,
which may be similar to aboveground dimensions (Reich 2014, Kong et al. 2015), while a
second related to the collaboration gradient with mycorrhizal fungi, with no equivalent above
ground (Bergmann et al. 2020, Carmona et al. 2021). The fungal collaboration gradient
dominates the root economic spectrum in a large data set of species (Bergmann et al. 2020).
Plant collaboration strategies in this gradient range from 1) ‘do it yourself’, with thin, high
RBF and SRL roots for efficient resource uptake; 2) ‘outsourcing’, with thicker roots with high
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D and lower RBF and SRL values, which favour the colonization by mycorrhizal fungi, as a
strategy to acquire resources via collaboration interaction (Bergmann et al. 2020, Weigelt et
al. 2021). Our results indicate that in grassland communities predominate the strategy to ‘do
it yourself’, while in forest communities predominates the strategy of ‘outsourcing’ and
collaboration with mycorrhizal fungi, although we did not assess the incidence of
mycorrhizae in the species, which deserves further investigation.

Studies that have evaluated root traits for woody species have almost been limited
to temperate grasslands and forests (lversen and McCormack 2021). For tropical and
subtropical ecosystems, there has been found that the decrease in fire frequency was
associated with an increase in mycorrhizal colonization and a decrease in root branching
and fine root development in grasses species, suggesting an important ecological role of
mycorrhizal symbiosis during WPE in African savannas (Hartnett et al. 2004). Along a fire-
history gradient in Cerrado, there has been found that fire stimulates investment in fine root
biomass in grasses in response to the higher demand for belowground resources (le Stradic
et al. 2021). The increase in shrub biomass cover was related to time without fire and higher
SRL values (le Stradic et al. 2021). We assessed belowground strategies and obtained a
clear pattern of acquisitive roots for grassland communities and conservative roots for forest
communities, based on three fine-roots traits. To advance the understanding of this
functional tendency and its relative importance to understand the WPE process, future
studies with forest-grassland mosaics should include more root traits (Freschet et al. 2021,
Weemstra et al. 2022) and consider fungal collaboration gradient (Bergmann et al. 2020),
to better understand what happens in woody species root systems along WPE.

The functional trajectories of changes describe above synthetize the general pattern
of the community. At community level we observe no overlap between grassland and forest
communities, indicating that besides encroachment, grassland in 2022 still functional
different of forest. However, at species level, we obtain highly variation between species,
which considerable overlapped between grassland and forest species in the multivariate
functional space. This result indicates that a wide variety of viable ecological strategies
rather than a unique strategy, reflecting environmental filtering for competitive traits at the

expense of stress-tolerant ones along gradients of canopy closure.
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5.3 MAJOR DIMENSIONS OF TRAIT VARIATION SUGGEST A TRADE-OFF ABOVE AND
BELOWGROUND

One of the most important findings was that species that occur in forest-grassland
mosaics exhibited a trade-off resource-use strategy among whole-plant trait (Hmax), leaf
and belowground, with a negative correlation between, Hmax, leave and root traits, contrary
to what was predicted by the worldwide plant economics spectrum (Chave et al. 2009, Reich
2014, Weigelt et al. 2021). The whole-tree performance relies on the coordinated functioning
of interdependent plant dimensions (whole-plant, leaves, stems and roots), who performs
functions and is subject to unique pressures (Reich 2014, Kong et al. 2015, Diaz et al. 2016,
Weemstra et al. 2022). Changes in environmental conditions over time, associate and
subjacent to WPE process, may favour woody species with different ecological strategies.
Interestingly, we found a clear trade-off between above and belowground in both habitats:
acquisitive root and conservative leaves in grassland 2012 and in the encroached grassland
in 2022, and conservative root and acquisitive leaves in the forest, with species exhibiting a
wide trait variation across this broad spectrum.

The worldwide plant economics spectrum has been extended to leaves (Grime
1977, Westoby 1998, Wright et al. 2004, Reich 2014, Diaz et al. 2016), to stems (Chave et
al. 2009, Diaz et al. 2016) and, more recently, to roots (Laughlin et al. 2021, Carmona et al.
2021, Freschet et al. 2021, Weemstra et al. 2022). It assumes that different plant dimensions
covary in a one-dimensional whole-plant economics spectrum, respectively, ranging from
species with acquisitive to conservative traits (Wright et al. 2004, Chave et al. 2009, Reich
2014). A species that has a fast resource investment in one respect generally is fast in
others, as ‘being fast or slow is a general feature of species’ (Reich 2014). The wood
economics spectrum also agrees about the coordination between plant dimensions and
expect that if a species has conservative leaf traits, it would present conservative wood traits
too (Chave et al. 2009). More recently, studies have taken into account root traits to assess
above and belowground coordination, and found that both dimensions are not necessarily
coupled (Carmona et al. 2021, Freschet et al. 2021, Weemstra et al. 2022). A global
evaluation of coordination above and belowground found that species were more functional
redundant below than aboveground, with many species with similar fine-root traits exhibiting
contrasting aboveground traits (Carmona et al. 2021). Moreover, there was one more axis
of variation for belowground than for aboveground traits, related to the fungal collaboration

gradient (Bergmann et al. 2020).
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A negative covariance between roots and leaves was found at species and at
community level, which shows that the hypothesis of the worldwide plant economics
spectrum that a fast vs. slow (acquisitive vs. conservative) strategy would be coordinated
among all plant organs (Reich 2014) is not corroborated in our study system, contrary to our
hypothesis. Studies that evaluated above and belowground trait variation found
contradictory results regarding whole-plant coordination. No consistent evidence of
coordination was found in many studies (Weemstra et al. 2016, Carmona et al. 2021, Avila-
Lovera et al. 2022). In contrast, consistent evidence of a whole-plant integrative resource
economy across plant dimensions was found in subarctic flora species (Freschet et al. 2010)
and for Mediterranean woody communities (de la Riva et al. 2018). We found that leaf traits
had a clear trade-off with root traits, with a negative correlation between SRL-SLA. A global
metanalysis found that ~40% of studies reported positive correlations between SRL-SLA,
~51% reported nonsignificant results and only 9% reported negative correlation between
SRL-SLA (Weigelt et al. 2021). Thus, conclusions regarding trait coordination above and
belowground remain ambiguous despite the large number of the studies reviewed (Kong et
al. 2015, Weemstra et al. 2016, 2022, Carmona et al. 2021, Freschet et al. 2021), deserving

further investigation.
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6 CONCLUSIONS

Grasslands and forest had different vegetation structures, and the community is
composed of different sets of species' ecological strategies. After 10 years, we recorded
gradual changes in the main ecological strategies of species in each habitat. In the absence
of disturbances, over time, the encroached grassland will increasingly resemble a forest.
We documented the establishment of typical forest species in the former grassland in 2022,
with ecological strategies like thin bark and acquisitive leaves, that without encroachment
would not be viable in grasslands. Associated with encroachment, there is also a change in
the life strategies of woody species, with an impact on the entire ecosystem. Our integrative
functional approach, which considers above and belowground dimensions of trait variation,
was very useful to identify functional patterns in forest-grassland mosaics and shifts that
occur associated with the WPE process. In summary, we provided field-based evidence of
negative covariation between leaves and roots. The inclusion of root traits sheds light on
aspects of the ecological strategies of species that were not assessed before when only
aboveground dimensions were considered. Further studies should consider the inclusion of
more root traits (Freschet et al. 2021) and also consider traits to directly evaluate the
collaboration between plants and mycorrhizal fungi (Bergmann et al. 2020), to confirm if this
functional pattern of acquisitive roots in woody species occurring in grassland and
conservative roots in forest is found in other mosaics areas. Future studies that assess the
belowground dimension and the collaboration gradient would advance the understanding of

how belowground interactions may favour or limit the WPE process to occur.
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SUPPLEMENTARY MATERIAL

Appendix A: Detailed description of field and laboratory methods for functional trait data

collection.

Plant functional traits measurements followed the global protocol (Perez-
Harguindeguy et al. 2016) and the standardised procedures indicated by the TRY
Database (Kattge et al. 2020). We adopted the minimum number of >5 individuals
sampled per habitat, as recommended by the global protocol, and collected data
considering the intraspecific variability of species in each habitat, for species that occur in
both (Violle et al. 2012).

We evaluate three functional traits of the leaf economic spectrum: leaf area (LA),
specific leaf area (SLA) and leaf dry mass content (LDMC). These traits are central to the
leaf economic spectrum, which summarizes the variation and coordination of several leaf
traits concerning carbon fixation and nutrient use and is related to fundamental trade-offs
between leaf longevity vs. production costs (Westoby 1998, Wright et al. 2004, Donovan
et al. 2011). To evaluate SLA and LA, we collected ten fully expanded sun leaves for
individuals. To collect leaf samples from the canopy of very tall trees we used a telescopic
pruning saw that reach branches of trees up to 12 meters, and also a bottle filled with
rocks with rope, harnessed to the highest branches of the canopy. The branch was then
pulled up with the ropes. We selected completely expanded and hardened mature leaves
in the branch, haphazardly selected from the outer canopy. Leaves were placed in moist
paper and stored in sealed plastic bags until processing. To obtain fresh mass we weighed
the fresh leaves, individually, using a digital scale balance with a precision of 0.001 g. To
calculate the leaf area, we scanned fresh leaves using a digital scanner. Then, to calculate
the total LA, we measured the scanned images using the software Imaged (by W.
Rasband, vl.43u, available at https://imagej.nih.gov/ij/index.html). Subsequently, leaves

were dried at 70°C for at least 72 h, until obtain constant weight. With fresh and dry mass
and leaf area data, we were able to obtain three functional leaf traits: LA, SLA and LDMC.
LA is defined as the projected area of an individual leaf, expressed in cm?. SLA (cm?/g)
represents the light-capturing area deployed per dry mass allocated and is obtained with
SLA=LA =+ leaf dry mass, as the one-sided area of a fresh leaf (cm?), divided by its oven-

dry mass (g). LDMC (g/g) is related to the average density (fresh mass per fresh volume)
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of the leaf tissues and is obtained with LDMC = leaf dry mass =+ leaf fresh mass (Perez-
Harguindeguy et al. 2016).

We evaluate two functional traits of the stem economic spectrum: stem-specific
density (g/cm?) (SSD) and bark thickness (BT). SSD (g/cm?) is the oven-dry mass (g) of a
section of the lignified plant stem divided by the volume of the same section, when still
fresh (Perez-Harguindeguy et al. 2016). It is an important trait to understand the stability,
defence, architecture, hydraulics, C gain and growth potential of plants (Perez-
Harguindeguy et al. 2016), and describes the carbon investment or carbon storage per
unit volume of stem and underlies the growth-survival trade-off (Chave et al. 2009). To
obtain SSD, we collected a sample from a terminal branch with evident secondary growth
and >2cm regular diameter, in > 5 individuals per species, per habitat. Based on
Archimedes’ principle, we used the water-displacement method, since this procedure
allows us to measure the volume of irregularly shaped samples (Perez-Harguindeguy et
al. 2016). Each fresh sample was submerged under distilled water and the weight of
displaced water was registered by the precision balance. The samples were dried in an
oven at 70° C for 72 h until the material reached a constant weight, and the weight of dry
mass was registered using a precision balance. SSD is the ratio between dry mass / fresh
volume. The other stem trait measured was bark thickness (BT), which refers to all tissues
in the main stem, branches and twigs, that were outside the vascular cambium. This trait
is fundamental to protecting internal tissues, acting as an insulator of living tissues against
desiccation and damages caused by fire, pathogens, herbivores, frost or drought (Pausas
2015, Perez-Harguindeguy et al. 2016, de Antonio et al. 2020, Scalon et al. 2021). BT is
the thickness of the total bark, measured with a digital calliper in mm. Investing in a thicker
bark can be a potential strategy to survive in fire-prone environments, such as grasslands
and savannas. In the field, we measured total bark thickness using a digital calliper
(x0.0001 mm), always at 40 cm above the soil, in > 5 individuals per species, per habitat
(Perez-Harguindeguy et al. 2016).

Adult plant height is the shortest distance between the upper boundary of the main
photosynthetic tissues at maturity (excluding inflorescences) on a plant at the ground
level, expressed in metres (Perez-Harguindeguy et al. 2016). Height conditions how plants
make a living, is the most common measure of whole-plant morphological trait and
indicates ability to pre-empt resources, position of the species in the vertical light gradient
of the vegetation, reproductive size and dispersal ability (Westoby 1998, Moles et al. 2009,
Diaz et al. 2016). Although taller plants intercept more light, exist a trade-off given the

increase of construction and maintenance costs and high risk of breakage (Moles et al.
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2009). For this trait, all individuals inside the 15 subplots sampled per habitat were
measured, to obtain measures of at least ~25 individuals per species, that cover the entire
range of height and diameter (Perez-Harguindeguy et al. 2016). We used a telescopic
pruning of 10 meters as a reference unit of known height to estimate the total height of
individuals. For less abundant species, we obtain the total height of individuals that occur
near the subplots, in the same habitat (forest or grasslands), and when necessary,
complement with the SISBIOTA Project Database, which contains data of other study
areas sampled under the same methodology and in the same system of study. Maximum
height (Hmax) was used as a proxy for species size and was calculated according to
Poorter et al. (2003) method, as the 95th percentile of the height values in each species’
population.

We assess the belowground, including only fine absorptive roots, classified as roots
of the first-three orders, generally with diameter-based cut-off <2 mm (Freschet and
Roumet 2017). We collect = 5 individual samples per specie, per habitat. We dug
approximately 20 cm and collected an amount of fine roots that fit in the palm of one hand
for sampling (Perez-Harguindeguy et al. 2016). The roots were washed in running water,
carefully, to remove aggregated soil particles. We scanned fresh roots using a digital
scanner. The images were analysed using RhizoVision Explorer v2.0.3 (available at

https://www.rhizovision.com/home), using the algorithms described by Seethepalli et al.

(2021). With the digitalized root images in high resolution (600 pixels), RhizoVision
software evaluates each pixel of the skeletonized image and provides a range of root
functional traits. We used data of the total root length, that is obtained by computation of
the total number of pixels in the digitalized image, the branching frequency that is
measured considering the number of branch points divided by the total root length, and
the average diameter of root, that measures the distance to the nearest non-root pixel
using this distance as the radius of a circle is fitted. For more details about root traits
consult RhizoVision Explorer Guide (Seethepalli et al. 2021). Alter that, root samples were
dried at 60° C for 48h, to obtain dry mass that was determined using a digital scale
balance. SRL is the ratio of root length to dry mass of fine roots (m/g), related to the
amount of resource investment (mass) (g), per area of roots (root length) (m), and is
considered the belowground equivalent of SLA for leaves, because their main role in
acquiring resources (Perez-Harguindeguy et al. 2016, Carmona et al. 2021, Freschet et
al. 2021). To assess the ecological strategies of woody species as a whole, we evaluated
three belowground traits: specific root length (SRL), mean root diameter (D) and root
branching frequency (RBF). SRL is a proxy for the volume of soil under the influence of
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the root system and is related to soil resource uptake efficiency, foraging capacity, plant
resistance to uprooting, and plant resistance to avoidance of drought (details in Weigelt
et al. 2021, Freschet et al. 2021) and describes part of the root economics spectrum
(Carmona et al. 2021). ROT is related to branching density and soil exploitation, once that
higher branching frequency can increase local soil exploitation (Freschet et al. 2021).
Mean root diameter (D, in mm) is a simple fine-root trait obtained with digitalized roots and
is related to the thickness and tissue density of the roots, and can be negatively related to
SRL — thicker roots with low values of SRL. Thicker roots favour fungal colonization, a
collaborative interaction which can increase the absorption of nutrients by the plant, with
the help of mycorrhizae. On the other hand, thin roots are cheaper and faster to construct,
with minimal biomass investment but high metabolic rates, to the detriment of low lifespan
(Bergmann et al. 2020, Weigelt et al. 2021, Freschet et al. 2021).

For functional analysis, we organised a matrix with an individual code per specie
sampled, as “area_habitat_speciesname”, to maintain the intraspecific variation of
species between both habitats (grasslands and forest), and between both years (2012
and 2022) in statistical analysis (Violle et al., 2012), since individuals from the same
species but from different habitats and sampling years may exhibit differences in trait

values. By doing this, we include intraspecific variability of species in the analysis.



Figure SM 1: Collection of (A) leaves, (B) stem measurements and (C) roots in the field. After collection the
samples were taken to the laboratory, where measurements of leaf (D), stem (E) and root (F) traits were
taken.
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Appendix B: Description of spatial autocorrelation analysis.

In addition to the temporal autocorrelation, we dealt with the spatial autocorrelation
between plots. The sampling design was planned to enable identifying changes resulting
from woody plant encroachment at the local scale, so some level of spatial autocorrelation
was expected. Autocorrelation is the lack of independence between pairs of observations
at given distances in time or space and is commonly found in ecological data (Legendre
1993). If data is spatially autocorrelated and predictors do not account for spatial
dependency entirely, then an assumption of the statistical model is not met (Diniz-Filho et
al. 2003). For this, we first generated spatial auto-correlograms, using Moran’s |
coefficients, for the response variables of our ANOVA models. Moran’s | coefficients
usually vary between -1.0 and 1.0 for maximum negative and positive autocorrelation,
respectively. Non-zero values of Moran’s | indicate that the values of variables in plots at
a given geographical distance are more similar (positive autocorrelation) or less similar
(negative autocorrelation) than randomly expected (Diniz-Filho et al. 2003). Strong spatial
structure in the residuals would suggest that other non-measured factors can cause
variation of the response variable, while low autocorrelation of the residuals indicates that
the model is fitted (Diniz-Filho et al. 2003). We analysed spatial autocorrelation for all
response variables (mean height, total basal area, total number of individuals per plot and
mean number of stems per plot), and also considered the residuals generated by the
models, using the ‘spline.correlog’ function in the ‘ncf package (Spatial Nonparametric

Covariance Functions) (Bjornstad and Cai 2022).
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Appendix C: Changes in vegetation structural parameters during woody plant
encroachment.
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Figure SM 2: Violin plot (boxplots combined with kernel density plots) comparing structural parameters of
vegetation along a spatial and temporal gradient of woody plant encroachment, in forest-grassland mosaic
located in Guartela State Park (GUA).

Boxplots showing median and 25- and 75- percentiles. The vertical curves display the kernel density
estimates for each parameter's probability density function. Grassland is identified with beige colours (light
beige for 2012 sample, and brownish beige for 2022 sample. Forest is identified with green colours (light
green for 2012 sample and dark green for 2022 sample). Distinct letters represent significant differences
between habitats in the pairwise permutation post hoc test (p < 0.05).



10

Led

Mean height (m)

40

30

20

Number of individuals

2012 2022 2012
Year

C

R

2022

60

40

Basal area (m%*ha)

Number of stems per individual

67

B Vila Velha State Park
a

il

2012 2022 — 2012 2022
D b Habitat:
[ ] Grassland in 2012
. Grassland in 2022
I Forest in 2012

b
. Forest in 2022
a
a

2012 2022 2012
Year

2022

2012 2022 2012 2022
Year

Figure SM 3: Violin plot (boxplots combined with kernel density plots) comparing structural parameters of
vegetation along a spatial and temporal gradient of woody plant encroachment, in forest-grassland mosaic
located in Vila Velha State Park (VV).

Boxplots showing median and 25° and 75- percentiles. The vertical curves display the kernel density
estimates for each parameter's probability density function. Grassland is identified with beige colours (light
beige for 2012 sample, and brownish beige for 2022 sample. Forest is identified with green colours (light
green for 2012 sample and dark green for 2022 sample). Distinct letters represent significant differences

between habitats in the pairwise permutation post hoc test (p < 0.05)
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Appendix D: Results of spatial autocorrelation analysis.

Residuals of Height model

| | | | | [ [
100 120

Residuals of basal area model

Height
. o
0|
(o]
(o]
©
2
T I I T T | [T
0 20 40 60 80 100 120 0 20 40 60 80
Basal area
o =N
i 0|
(=]
i =
[}
| =
T T T T T T T "t
0 20 40 0 80 100 120 0 20 40 60 80
Number of individuals
— o
[Ty}
g
L]
2
=
I [ I I [ [ I o
0 20 40 60 80 100 120 0 20 40

1 | | | | | o
100 120

Residuals of Number of individuals model

| | | | | | |
60 80 100 120

Figure SM 4: Spatial correlograms for Guartela State Park, for structural parameters (mean height, total

basal area and total number of individuals per plot), and also considering the residuals generated by the

models.

The x-axis represents the distance between plots, in metres, and the y-axis represents Moran’s | coefficients,
that vary between -1.0 and 1.0 for maximum negative and positive spatial autocorrelation, respectively.
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Figure SM 5: Spatial correlograms for Vila Velha State Park, for structural parameters (mean height, total
basal area and total number of individuals per plot), and also considering the residuals generated by the
models.
The x-axis represents the distance between plots, in metres, and the y-axis represents Moran’s | coefficients,
that vary between -1.0 and 1.0 for maximum negative and positive spatial autocorrelation, respectively.
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Appendix E: Structural PCA, showing changes in vegetation physiognomy along woody

plant encroachment.
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Figure SM 6: Principal Component Analysis (PCA) for structural parameters of vegetation in 2012 and 2022
in forest-grassland mosaics. A) Guartela State Park (GUA); B) Vila Velha State Park (VV).
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Appendix F: Results of the principal component analysis of community functional patterns

in forest-grassland mosaics, presented in Figure 4.

This PCA was built considering community-weighted trait mean values, as each
subplot was considered a community. CWM values were calculated considering species
abundance. Only present loadings >0.20. Legend: GUA: Guartela State Park; VV: Vila Velha
State Park. Functional traits: LA — leaf area, SLA — specific leaf area, LDMC — leaf dry matter
content, SSD — stem-specific density, BT — bark thickness, SRL — specific root length, D —

average diameter, RBF — root branching frequency, Hmax - maximum height.

Table SM 1: Details of functional PCA at the community level. Only present loadings >0.20.

PC1 PC2
GUA:
Proportion explained 0.61 0.12
Cumulative proportion explained 0.61 0.74
Positively correlated trait LDMC, SRL and RBF BT
Negatively correlated trait LA, SLA, D and Hmax SSD
Eigenvalues 5.54 1.12
Broken-stick 2.82 1.82
Trait loadings
LA -0.32
SLA -0.36
LDMC 0.36 -0.22
SSD -0.23 -0.50
BT 0.77
SRL 0.34 -0.25
D -0.37
RBF 0.32
Hmax -0.40
VV:
Proportion explained 0.37 0.22
Cumulative proportion explained 0.37 0.69
Positively correlated trait SRL and RBF D
Negatively correlated trait SLA and SSD LA and Hmax
Eigenvalues 3.38 2.50
Broken-stick 2.82 1.82
Trait loadings
LA 0.22 -0.46
SLA -0.51
LDMC
SSD -0.38 0.31
BT 0.24 0.25
SRL 0.43
D 0.51
RBF 0.45 0.21

Hmax -0.25 -0.49
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Appendix G: Results of the principal component analysis of functional traits variation at

species level, presented in Figure 6.

Table SM 2: Details of PCA at species level. Only present loadings >0.20.

PC1 PC2
GUA:
Proportion explained 0.28 0.16
Cumulative proportion explained 0.28 0.45
Positive correlated trait LA, SLA, D and Hmax SSD and D
Negative correlated trait LDMC and SRL LA, BT, RBF
Eigenvalues 2.59 1.46
Broken-stick 2.82 1.82
Trait loadings
LA 0.32 -0.41
SLA 0.44
LDMC -0.41
SSD 0.59
BT -0.39
SRL -0.28 -0.21
D 0.39 0.30
RBF -0.33
Hmax 0.44
VV:
Proportion explained 0.24 0.21
Cumulative proportion explained 0.24 0.46
Positive correlated trait LA and SLA SRL and RBF
Negative correlated trait LDMC and SSD D
Eigenvalues 2.22 1.96
Broken-stick 2.82 1.82
Trait loadings
LA 0.35 -0.25
SLA 0.36 -0.25
LDMC -0.56
SSD -0.50
BT
SRL 0.22 0.55
D -0.44
RBF 0.27 0.51
Hmax -0.29
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Appendix H: Correlation between functional traits at interspecific and community level.
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Figure SM 7: Correlation between functional traits at community level, for Guartela (above) and Vila Velha
State Park (below).
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Appendix I: Board with photographic record of species with characteristic functional

traits of grassland and forest, and of the mosaics.

Figure SM 8: Board with a photographic record of species with characteristic functional traits of
grassland and forest habitat.

Forest species have acquisitive leaves, with high specific leaf area, conservative woody with high
woody density and thin bark, and are taller when compared to grassland species. In opposition,
grassland species have conservative leaves, with high leave dry matter content values, lower woody
density and in compensation very thick bark to protect vital tissues against fire, and are smaller than
forest species. Forest species traits: A = Psychotria suterella MUll.Arg. (Rubiaceae) with acquisitive
leaves, B = Myrciaria floribunda (H.West ex Willd.) O.Berg (Myrtaceae) with thin bark, and C = Pera
glabrata (Schott) Baill. (Peraceae) with high height. Grassland species: D = Erythroxylum suberosum
A.St.-Hil. (Erythroxylaceae) with conservative leaves; E = Qualea cordata Spreng. (Vochysiaceae)
with thicker bark that protects internal tissues from fire; and F = Stryphnodendron adstringens (Mart.)
Coville (Fabaceae) with small height and twisted branches, characteristics of grassland species.
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Figure SM 9: Board with photographic record of landscape and community structure of forest-
grassland mosaics.
A) A patch of Araucaria Forest and South Brazilian grasslands, occurring along the lapé river
canyon in Guartela State Park. B) Forest expansion through nucleation in Vila Velha State Park. C
and E) Structure of grassland in 2022, with many wood individuals colonizing, however the canopy
remains discontinuous. D) Herbaceous strata with grasses in grassland in 2012. F) Forest habitat, with
closed canopy, structure understory and shade condition, characteristics of this habitat.



