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Resumo:

No capitulo 1, buscamos investigar se a glomalina, produto dos fungos micorrizicos
arbusculares (FMA) no solo, reflete a heterogeneidade do substrato e das comunidades
vegetais no campo rupestre. Amostras de solo foram coletadas em 40 parcelas em areas
naturais de campo rupestre com substrato ferruginoso e quartizitico para analises
fisico-quimicas e determinacdo do conteudo de glomalina. A vegetacdo herbacea e
arbustiva também foi amostrada nessas parcelas. Avaliamos o contetido de glomalina,
comparando entre 0s tipos de substrato, e as relacdes da glomalina com variaveis do
solo, com a dissimilaridade da vegetacdo, e com a abundancia de espécies nao-
micorrizicas e espécies menos dependentes dos FMA. O contetdo de glomalina variou
consideravelmente entre as parcelas amostradas, diferiu significantemente entre os
substratos ferruginoso e quartzitico, e se correlacionou com a dissimilaridade da
vegetacdo e com carbono organico, nutrientes e textura do solo. Quanto maior a
cobertura de espécies vegetais ndo-micorrizicas e menos dependentes de micorrizas,
menor foi o contetdo de glomalina no solo. Concluimos que os FMA, por meio da
glomalina, esta associado a heterogeneidade do ecossistema. Os resultados apontaram
a glomalina como um importante fator do solo a ser considerado em questfes de
manejo e conservacao do campo rupestre e ecossistemas semelhantes. A glomalina se
mostrou associada as caracteristicas fisico-quimicas do solo e a variagao na cobertura
de especies vegetais menos ou ndo dependentes de micorrizicas, refletindo a natureza
heterogénea do campo rupestre. No capitulo 2, desenvolvemos um sistema de
classificagcdo de tipos funcionais de plantas (PFT, Plant functional types) para
investigar padrdes funcionais das comunidades vegetais em diferentes habitats de
campo rupestre. A partir da amostragem da vegetacao (herbacea e arbustiva) em quatro
habitats, compreendendo dois tipos de substrato (ferruginoso e quartizitico),

classificamos as espécies de acordo com atributos de suas histérias naturais ligados a
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aspectos relevantes para a restauracdo ecoldgica. A dissimilaridade funcional foi
avaliada entre os tipos de substrato e entre os tipos de habitats, assim como o papel das
variaveis do solo nas dissimilaridades das comunidades. Encontramos estrutura
funcional distinta entre as comunidades vegetais nos diferentes substratos e habitats,
com influéncia de fatores fisicos e quimicos do solo. Foram identificados PFTs
principais para cada habitat, com altos valores de importancia naquele habitat e foram
identificados, também, PFTs centrais (Core PFTs), apontando combinacges principais
de atributos representadas com altos valores de importancia em todos ou quase todos
0s habitats. Discutimos sobre as singularidades de cada habitat quanto aos seus
aspectos funcionais, assim como as principais combinacdes de atributos funcionais e
a importancia da redundancia funcional.

Palavras-chave: GRSP, micorrizas arbusculares, estoque de carbono, Espinhaco,
heterogeneidade, tipos funcionais de plantas

Abstract:

In chapter 1 we aimed to investigate whether Glomalin Related Soil Protein (GRSP),
produced by arbuscular mycorrhizal fungi (AMF), reflects the heterogeneity of
substrate and plant community in campo rupestre ecosystem. Soil samples were
collected for physical-chemical and GRSP content analysis, in 40 plots, where the
vegetation was also surveyed. GRSP content was compared between substrate types,
and its relationship assessed against soil attributes, vegetation dissimilarity, and
abundance of non-mycorrhizal species and of species less AMF dependent. GRSP
content varied greatly among the sites, differed significantly between the ferrugineous
and quartizitic substrates, and was related with soil organic carbon, soil nutrients, soil
texture, and vegetation dissimilarity. The greater the cover of species presenting the
sand-binding strategy besides the AMF association and of non-mycorrhizal species,

the lower GRSP content. The study shows how the AMF, through GRSP, was
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associated to the ecosystem heterogeneity. Results point GRSP as an important soil
factor to be considered in management and conservation issues in the campo rupestre
and similar ecosystems. GRSP content was shown to be linked to soil chemistry and
physics, and shaped by cover variation of plant species less or non AMF dependent,
reflecting the heterogeneous campo rupestre nature. In chapter 2 we developed a plant
functional type (PFT) system to investigate the functional patterns of campo rupestre
plant communities, in different substrate and habitat types. We sampled herbaceous
and woody vegetation, as well as soil variables, in four habitats, among two substrate
types (quartzitic and ferrugineous), and classified the species according to life-
histories traits of relevance for ecological restoration. Functional dissimilarity was
assessed among habitat and substrate types, and the role of soil factors in the
dissimilarities was investigated. Pollination and seed dispersal syndromes,
mycorrhizal association, and reproductive phenology were the main diagnostic traits
defining the PFTs. We found distinct functional structure between plant communities
of different substrate and habitat types, with influence of soil factors of both chemical
and physical nature. Core PFTs were identified pointing main trait combinations
represented in all or almost all habitats. We discuss about the singularities of each
habitat in regard the PFT diagnostic traits, the identified core trait combinations, and
the importance of functinal redundance when applying this knowledge to conservation
and management actions.

Key-words: GRSP, arbuscular mycorrhiza, carbono storage, Espinhaco, heterogeneity,

plant functional types
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Indroducéo geral

Ecossistemas em todo 0 mundo passam por significativa degradagéo, ao ponto de nédo
mais sustentarem a existéncia de muitos organismos, com impactos negativos sobre a
diversidade bioldgica e o bem-estar de popula¢cdes humanas (Cardinale et al 2012).
Juntamente com as mudancas climaticas e a invasdo de espécies, a destruicdo e a
fragmentacdo de habitats tem sido consideradas as principais causas da perda de
biodiversidade e servicos ecossistémicos ao redor do planeta (Suding 2011, Antonelli
et al 2020). Para conter a perda da biodiversidade e de servicos ecossistémicos, é
fundamental que trés linhas de acdo sejam concomitantemente desenvolvidas, sendo
elas a conservacdo e 0 uso sustentavel dos recursos naturais, juntamente com a
restauracdo ecoldgica, pratica fundamental no manejo de ecossistemas, com 0
potencial de reverter a degradacdo ambiental, aumentar a resiliéncia da biodiversidade,
reestabelecer a conectividade e o funcionamento dos ecossistemas (SER 2004, 2008;
Wortley et al. 2013). Dessa forma, importantes servicos ecossistémicos, como
ciclagem de nutrientes, polinizacdo, protecdo do solo e purificacdo da dgua podem ser
providos (Resende et al. 2014, Fernandes et al 2018a).
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Figura 1. As trés linhas de acdo necessarias para conter a perda da
biodiversidade, recursos naturais e servigos ambientais que o mundo hoje
enfrenta. Conservacdo, Uso Sustentavel e Restauracdo Ecoldgica séo

frentes que devem ser desenvolvidas concomitantemente.

Para o desenvolvimento de agdes efetivas de conservagdo e manejo, assim como de
uso sustentavel dos recursos naturais, € fundamental conhecer a ecologia do
ecossistema em questdo. Os passos iniciais de uma restauracdo ecoldgica, por
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exemplo, envolvem a estimativa das diferencas entre as condi¢des atuais, as condigdes
futuras almejadas e o espectro de variabilidade natural da estrutura, composicéo e
fungdes do ecossistema (Laughling et al 2014). Nesse ambito, tem-se um ecossistema
de referéncia, que pode ser definido como um ou mais ecossistema existente, pré-
existente ou hipotético que serve como imagem de orientagdo para projetos de
restauracdo ou de mitigacdo (Miller et al. 2012). O ecossistema de referéncia é
basicamente um ponto de comparagdo, que pode ser conceitual, especial (um
ambiente), condicional (estados ecoldgicos) ou funcional (SER 2004, Miller et al.
2012). Contudo, um ecossistema de referéncia definido ndo deve ser tomado como
algo a ser estritamente copiado, uma vez que as trajetorias percorridas por ambientes
em restauracdo dificilmente serdo as mesmas que e nunca alcancaréo estados finais
idénticos ao que € definido como referéncia. Nesse sentido, o ecossistema de referéncia
deve ser tomado como um guia para orientar as praticas e metas apropriadas para a
restauracdo ecoldgica (Suding et al 2015, Temperton 2019). A compreensdo da
ecologia do ecossistema de referéncia permite, ainda, 0 embasamento de acdes para

conservacao e uso sustentavel.

A obtecdo de conhecimento aplicavel a fins de conservacdo e manejo pode se dar a
partir da investigacdo de padrdes ecoldgicos nos ecossistemas naturais. Identificar
padrBes estruturais e funcionais da vegetacdo pode ajudar a determinar areas de
compensacdo ambiental, o que deve ser monitorado ao longo do tempo, ou como
iniciar uma restauracdo, por exemplo (Temperton et al 2004, Rosenfield & Muller
2020). O entendimento dos padrdes observados nos ecossistemas naturais pode se dar
por meio das chamadas regras de montagem de comunidades vegetais, as quais se
baseiam na filtragem exercida por fatores abioticos (e.g. componentes do solo,
temperatura e pluviosidade) e bidticos (interagbes entre as espécies) no
estabelecimento das espécies em um dado ecossistema ou habitat. Ha, ainda, a
influéncia de fatores como a dindmica de distarbios e a aleatoriedade (Keddy 1992,
Temperton et al 2004). O conjunto de espécies estabelecidas em um dado habitat pode,
assim, ser entendido como fruto de uma filtragem exercida por fatores ambientais e
pelas interacGes das espécies entre si, sob influéncia de um regime de distarbios e de

niveis de aleatoriedade na montagem de seus componentes bioticos.

A diversidade de plantas e a estrutura da comunidade vegetal representam uma série
de processos ecoldgicos e fornecem o sustento estrutural e funcional para o restante da

comunidade bidtica (Whitham et al. 2006, De Deyn et al. 2008), criando habitat para
10



outras especies e contribuindo com uma fracdo importante da energia para a rede
trofica (Jones et al. 1994, Ellison et al. 2010). Algumas espécies desempenham papel
importante por interferirem diretamente no ambiente, por exemplo, alterando o
microambiente do solo, modificando a superficie, interferindo na drenagem,
produzindo serrapilheira, sustentando fauna especializada, dentre outras acdes,
afetando a estrutura e composicao da comunidade vegetal como um todo (Jones et al.
1994, Whitham et al. 2006). As espécies dominantes sdo as que melhor venceram a
filtragem ecoldgica exercida por fatores edaficos e/ou climéticos e pelas interacdes
com as outras espécies. Elas representam a maior parte da biomassa de um
determinado habitat ou ecossistema (Grime 1988). As espécies menos frequentes ou
mais raras, em contrapartida, contribuem com menores porc¢oes da biomassa, quando
0s tdxons sdo considerados separadamente. No entanto, um dado conjunto de espécies
raras pode representar um aspecto funcional importante do ecossistema, ou seja,
diferentes taxons podem em conjunto exercer determinada funcéo e, assim, a soma das
biomassas em um conjunto de espécies raras exercendo uma determinada funcéo pode
ser bastante representativa. Dessa forma, os aspectos funcionais de um ecossistema
sdo de grande importancia para uma compreensdo mais ampla do mesmo. A
identificacdo da importancia relativa de determindos atributos funcionais ou
combinac6es de atributos das espécies ajudam no entendimento da dindmica dos filtros
ambientais e estabelecimento das comunidades (Grime 1988, Kleyer et al 2012, Pierce
et al 2017).

As espécies vegetais interagem direta e constantemente com os componentes do solo,
sendo, assim, fundamental compreender também os aspectos edaficos de um
ecossistema e como eles se relacionam com as comunidades vegetais. Além de
componentes fisico-quimicos, o solo abriga uma diversidade de microorganismos que
exercem fungdes essenciais na ciclagem de nutrientes. As micorrizas representam um
componente quantitativo e qualitativo significativo nos ecossistemas, exercendo
grande influéncia no crescimento e na adaptacdo das plantas aos estresses bidticos e
abidticos do solo (Soares & Carneiro 2008, Siqueira et al. 2002). Os fungos
micorrizicos arbusculares (FMA) formam uma simbiose mutualistica com a maioria
das plantas, na qual a planta fornece energia (carboidratos) aos FMA para crescimento
e manutencao via produtos fotossintéticos, enquanto os FMA disponibilizam agua e
nutrientes para a planta, principalmente fosforo (Brundrett 1991). Como consequéncia
da interacdo, ha aumento na produgdo de raizes para alojar o simbionte nesse 6rgéo, o
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que, por sua vez, aumenta a atividade e a diversidade dos microrganismos
heterotroficos e contribui para o aumento da biomassa microbiana, favorecendo a
atividade biologica, a ciclagem de nutrientes e a agregacao do solo (Soares & Carneiro
2008). Um dos fatores do solo de grande relevancia é a glomalina. Tecnicamente
definida como Proteina do Solo Relacionada a Glomalina (Glomalin Related Soil
Protein — GRSP, em inglés), essa substancia é uma glicoproteina produzida pelos FMA
e liberada no solo com a renovacdo das hifas (Rillig et al. 2001, Driver et al. 2005,
Treseder and Turner 2007). A glomalina, que é bastante recalcitrante no solo, possui
um reconhecido papel no armazenamento de carbono no solo, assim como na
estruturacdo e qualidade do mesmo, formando agregados que dificultam a erosédo
(Rillig et al. 2003, Fokom et al. 2012, Wu et al. 2014, Zhang et al. 2017).

Ecossistemas nao-florestais biodiversos e antigos, no contexto das OCBILs (old
climatically buffered unfertile landscapes, segundo classificagdo de Hopper 2009),
desenvolveram sua rica diversidade de espécies em um processo evolutivo lento. Esses
ecossistemas (e.g. 0s kwongans na Australia, os fynbos na Africa do Sul e os campos
rupestres no Brasil) possuem resiliéncia muito baixa frente aos distdrbios de origem
antropica, apesar da alta resiliéncia em relagdo aos disturbios com os quais evoluiram
(e.g. fogo natural) (Veldman et al 2015; Fernandes 2016). Por serem paisagens muito
antigas, de solo inférteis e que evoluiram em condicBes climaticas estaveis, as
comunidades vegetais ali presentes possuem padrdes especificos, sendo as espécies
extremamente especializadas/adaptadas aos microhabitats (Silveira et al 2020a). As
principais caracteristicas de um ecossistema classificado como OCBILs sdo: a
dispersdo reduzida, as altas taxas de endemismo local, a presenca de linhagens antigas
e de individuos antigos, o tamanho reduzido das populacdes (que porém possuem
estratégias que evitam a endogamia), as especializa¢Bes nutricionais, a resiliéncia a
fragmentacdo, o crescimento lento dos individuos, e a vunerabilidade a remocgéo de
solo (Hopper 2009, Silveira et al 2020a). Como os solos sdo bastante pobres em
nutrientes, especialmente o fosforo, as espécies vegetais tipicas desses ecossistemas
desenvolveram especializagOes para captar os recursos no solo de forma mais eficiente.
Além disso, investem mais energia para persistirem no ambiente e rebrotarem ap6s um
disturbio do que para se reproduzirem sexuadamente. Isso reforga a sensibilidade
desses ecossistemas frente aos distdrbios no solo, uma vez que 0os mesmos rompem a
ligacdo das espécies com 0s microhabitats aos quais estdo intimamente especializadas,
além de alterarem a microbiota do solo (Silveira et al 2020a). A regeneragdo natural
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nesses ecossistemas é extremamente lenta e praticamente ndo documentada (Hopper
et al 2016, Fernandes et al 2016, Le stradic et al 2018), fazendo com que sua sucessao
ecoldgica seja ainda pouco compreendida e tornando a construgdo do conhecimento
acerca de sua restauracdo ainda mais desafiador. Também contribuem para isso a
dispersdo reduzida e o baixo investimento em reproducdo sexuada das comunidades

vegetais tipicas das OCBILs.

Adicionalmente, grande parte da compreenséo das teorias ecoldgicas se deu por meio
de estudos em ecossistemas geologicamente recentes, com solos ferteis e disturbios
frequentes, as chamadas YODFELs (young, often-disturbed, fertile landscapes, na
classificacéo de Hopper et al 2009). Isso trouxe um viés no entendimento da vegetacéo
Neotropical, com consequéncias sérias para a conservacdo a longo prazo dos
ecossistemas antigos e pobres em nutrientes, porém altamente biodiversos (Silveira et
al 2020a). H4, ainda, uma visao equivocada de que somente ecossistemas florestais
representam alto valor de biodiversidade e servigos ecossistémicos (e.g. estoque de
carbono), desvalorizando ecossistemas savanicos e campestres (Neves et al 2016,
Temperton et al 2019, Silveira et al 2020b), o que resultou em muitas politicas mal
concebidas (Silveira et al 2020a). Esse cenario evidencia a urgéncia em se avancar na
constru¢do do conhecimento ecoldgico dos ecossistemas nédo-florestais antigos e
biodiversos, para subsidiar acfes efetivas de conservacdo e manejo, com o repaldo

cientifico necessario (Hopper et al 2016, Fernandes et al 2016, Temperton et al 2019).
O complexo rupestre

Predominante nas cotas altas da Cadeia do Espinhaco, geralmente em altitudes
superiores a 900m, o campo rupestre ou complexo rupestre € classificado como uma
OCBIL. Altamente biodiverso, abrangendo cerca de 15% da flora vascular brasileira
(>5000 espécies), 0 campo rupestre esta associado a afloramentos rochosos, com solos
rasos, acidos, pobres em nutrientes e matéria organica, e baixa capacidade de retencéo
de agua (Fernandes 2016, Silveira et al 2016). O ambiente severo levou ao
desenvolvimento de uma variedade de estratégias adaptativas em varias de suas
especies vegetais (veja Pereira et al. 2012, Muler et al. 2014, Oliveira et al. 2015,
Silveira et al. 2016). A fisionomia do campo rupestre € de uma forma geral composta
por uma diversidade de ambientes edaficos e um mosaico de vegetacdo associada,
como resultado de uma miriade de filtros ecoldgicos e geomorfoldgicos (Benites et al.
2007, de Carvalho et al. 2012, 2014).
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O campo rupestre também pode ser encontrado em outras regides discretas, tais como
as montanhas da regido central do Brasil (por exemplo, Chapada dos VVeadeiros e Serra
dos Pirineus, ambos no Estado de Goiés; e Serra da Canastra, no sudoeste de Minas
Gerais) ou nas montanhas da regido de S&o Jodo del Rei (Serra do Lenheiro),
Tiradentes (Serra de Sdo José ) e ltutinga, além da regido do Ibitipoca no estado de
Minas Gerais. Pode, ainda, ser encontrado nas partes superiores da serra de Carajas no
estado do Para e em algumas montanhas isoladas no extremo oeste do Brasil, no estado
de Mato Grosso do Sul (Barbosa and Fernandes 2016). No Quadrilatero Ferrifero (QF),
porc¢do sul da Cadeia do Espinhaco, em Minas Gerais, sdo comuns as formacdes de
campo rupestre ferruginoso sobre itabirito (formaces ferriferas bandadas), conhecidas
como canga, com uma grande diversidade de habitats, como a canga nodular e a canga
couragada ou rochosa (Dorr 1969, Jacobi et al 2007). Nessa regido, ha também uma
variedade de habitats de campo rupestre sobre substrato quartzitico, adicionando
heterogeneidade ao mosaico compreendido por esse ecossistema (Shaeffer et al 2016).
O campo rupestre é, assim, um complexo vegetacional estabelecido em diferentes tipos
de substrato (e.g. quartzitico e ferruginoso), cada qual, por sua vez, possuindo uma
variedade de habitats e uma heterogeneidade edafica, mesmo em pequenas escalas
(Jacobi et al 2007, Fernandes 2016, Abrado et al 2019).
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Figura 2 — Distribuicdo do ecossistema do campo rupestre (Rupestrian Grasslands

Complex), em azul claro, em relacdo a topografia (Fonte: Shaeffer et al. 2016).
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Ndo obstante a alta biodiversidade e importancia ecolégica do campo rupestre, muitas
de suas especies estdo em vias de extingdo, em razéo principalmente da pequena area
ocupada e da forte acéo antrdpica que esse ecossistema vem sofrendo (Fernandes 2016,
Silveira et al 2016). Atividades de mineracdo, construcdo de rodovias e
desenvolvimento imobilidrio sdo responsaveis pela degradacdo de milhares de
hectares de campo rupestre, representando as principais fontes de ameaca a esse
ambiente (Fernandes et al 2018b). No QF se encontram uma das maiores operagoes de
mineracdo do pais (Neves et al 2016). Os campos rupestres sdo extremamente
sensiveis a perda da cobertura superficial do solo, podendo levar décadas ou mesmo
séculos para que alguma cobertura vegetal seja recuperada (Fernandes et al 2016).
Dessa forma, a biodiversidade e a provisdo de importantes servicos ecossistémicos
(e.g. recarga e regulacdo hidrica, polinizacdo, controle natural de pragas, etc.) estdo

comprometidos (Resende et al 2014, Neves et al 2016).

Nesse contexto, estudos que visam aumentar o conhecimento ecoldgico do campo
rupestre como subsidio para planos de conservacdo e manejo sdo de grande
importancia, tanto para o cumprimento da legislagdo, como para a preservacéo e
recuperacdo da biodiversidade e seus inerentes servicos ecossistémicos. Dessa forma,
é fundamental entender os componentes do ecossistema acima e abaixo do solo, assim
como a interacdo entre ambos (Temperton et al. 2004, Bauer et al. 2017),
especialmente no campo rupestre onde ha uma grande heterogeneidade edafica, por
sua vez exercendo grande influéncia nas comunidades vegetais (Fernandes et al. 2016).

A presente tese tem como objetivo central contribuir para o conhecimento ecolégico
do campo rupestre por meio da investigagdo de padrdes em areas naturais do
ecossistema, considerando sua grande heterogeneidade de habitats. O primeiro
capitulo apresenta um foco maior nos aspectos do solo enquanto o segundo capitulo
apresenta um foco maior nos aspectos da vegeta¢do; ambos considerando a interagdo

solo-vegetagéo.

Sendo os FMA identificados em estudos anteriores como organismos presentes e
diversos nos campos rupestres (de Carvalho et al. 2012; Coutinho et al. 2015, 2019;
Oki et al. 2016) e, dada a importancia da glomalina para estrutura do solo,
investigamos padrdes ecoldgicos gerais dessa substancia no campo rupestre e se 0s
mesmos refletem a heterogeneidade do substrato e da vegetagdo. Assim, no primeiro
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capitulo avaliamos as relacdes da glomalina com fatores fisico-quimicos do solo e com

a estrutura e composicao das comunidades vegetais.

No segundo capitulo analisamos a vegetacdo sob aspectos funcionais, uma vez que
essa compreensdo é fundamental para orientar acdes de conservacdo e manejo,
incluindo a restauracdo ecologica (Temperton 2004). Embora crescentes e ganhando
cada vez mais atengéo, ainda sao poucos os estudos que abordam a funcionalidade da
vegetacdo nos campos rupestres (veja Negreiros et al 2014, Fernandes et al 2020,
Caminha-Paiva et al 2020). Contribuindo para a formacdo desse conhecimento,
desenvolvemos um sistema de classificacdo de tipos funcionais de plantas (Plant
Functional Types — PFT, em inglés) para investigar padrdes funcionais das
comunidades vegetais em diferentes habitats de campo rupestre, compreendendo dois
tipos de substrato (ferruginoso e quartizitico). Espécies herbaceas e arbustivas foram
classificadas de acordo com atributos de suas historias naturais e relevantes para
processos ligados a restauracdo ecoldgica. A partir desse sistema, foram definidas
comunidades funcionais para os diferentes habitats, sendo possivel identificar as
singularidades de cada um, assim como combinacdes de atributos centrais, importantes

em todos os habitats.

Finalmente, no Capitulo 3, € desenvolvida uma discussdo geral dos resultados
conjuntos da presente pesquisa, tracando 16 implicacdes para fins de conservacdo e
manejo ecologico do campo rupestre. No Capitulo 3 é também sugerida uma
abordagem para selecdo de espécies para aplicacdo em projetos de restauracéo

ecoldgica nesse ecossistema.

O estudo foi desenvolvido em quatro areas na regido do Quadrilatero Ferrifero, porcédo
sul da Cadeia do Espinhaco, Minas Gerais. Mais especificamente, as areas de estudo
se localizam na regido da Serra da Calgcada, compreendida entre os municipios de Nova
Lima e Brumadinho. Duas das areas de estudo correspondem a campo rupestre
ferruginoso (também conhecido como canga) e outras duas, a campo rupestre
quartzitico. Em cada éarea foram estabelecidas 10 parcelas de 100 m?, onde foram
coletadas amostras de solo para analises fisico-quimicas e analises de contetdo de
glomalina. Em cada parcela, toda a vegetagdo arbustiva com diametro acima do solo
(DAS) maior ou igual a 10 mm foi amostrada. Para amostragem da vegetacgao herbécea
foram estabelecidas sub-parcelas de 1m? dentro das parcelas de 100 m?. Maiores

detalhes da metodologia s&o especificados em cada capitulo.
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Legenda

(/' Area de Entorno Quadrilatero Ferrifero
# Monumento Natural Municipal Serra da Calcada

Figura 3. Mapa mostrando a localizacdo do Quadrilatero Ferrifero e a regido da Serra da Calcada, em Minas
Gerais (Fonte: Instituto Pristino — Atlas Digital Geoambiental 2020).

Area amostrada 1 — campo rupestre ferruginoso (predominancia de canga couragada)
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Area amostrada 1 — campo rupestre ferruginoso (predominancia de canga couragada)

Area amostrada 2 — campo rupestre ferruginoso (predominancia de canga nodular)
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Area amostrada 3 — campo rupestre quartzitico (predominancia de campo quartzitico)
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T —

Area amostrada 3 — campo rupestre quartzitico (predominancia de campo quartzitico)

Obs: ao fundo, um afloramento rochoso, o qual ndo foi incluido na amostragem de campo quartzitico

Area amostrada 3 — campo rupestre quartzitico (predominancia de campo quartzitico)
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Area amostrada 4 — campo rupestre quartzitico (predominancia de afloramento quartzitico)
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Area amostrada 4 — campo rupestre quartzitico (predominancia de afloramento quartzitico)
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Capitulo 1

Padrdes ecologicos da glomalina no campo rupestre refletindo a

heterogeneidade do substrato e da vegetacao

O capitulo foi desenvolvido em formato de artigo cientifico, o qual foi submetido e

aceito para publicacdo no Journal of Soil Science and Plant Nutrition
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Abstract:

Purpose

We examined whether Glomalin Related Soil Protein (GRSP), produced by arbuscular
mycorrhizal fungi (AMF), and with role in soil quality, structuring, and carbon storage,

varies in relation to substrate and plant community in the campo rupestre ecosystem.
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Methods

Soil samples were collected for physical-chemical and GRSP content analysis, in 40
plots, where the vegetation was also surveyed. GRSP content was compared between
substrate types, and its relationship assessed against soil attributes, vegetation
dissimilarity, and abundance of non-mycorrhizal species and species with low AMF
dependency.

Results

GRSP content varied greatly among the sites (total fraction ranging from 4.66 to
135.46 mg g1), differed significantly between ferruginous and quartizitic substrates,
and was correlated with soil organic carbon (SOC), soil nutrients, soil texture, and
vegetation dissimilarity. Total glomalin contributed about 20% to the SOC. GRSP
content declined with increasing cover of species that are both sand-binding and have
AMF associations, and non-mycorrhizal species.

Conclusions

The study shows how AMF, through GRSP, is associated to the ecosystem
heterogeneity, suggesting the GRSP as an important soil factor to be considered in
management and conservation issues in campo rupestre and similar ecosystems. GRSP
content was shown to contribute to carbon storage and was linked to soil chemical and
physical properties, and affected by variation in cover of non-or less-AMF dependent
plant species, perhaps providing an useful indicator in the heterogeneous campo
rupestre system.

Keywords: arbuscular mycorrhiza, rupestrian grassland, canga, mountaintop, soil
carbon, GRSP

Introduction

Ecological knowledge of natural ecosystems is required to scientifically guide
conservation and restoration efforts to reverse the increasing loss of biodiversity and
ecosystem services worldwide (Suding et al. 2015; Temperton 2019). For effective
conservation and management designs, it is crucial to understand not only the
aboveground component of ecosystems, but also the belowground and the interaction

between both (Bauer et al. 2017; Temperton et al. 2004). This is of particular relevance
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in ecosystems where the soil exerts a pronounced influence on plant community
assembly (Fernandes et al. 2016b).

Glomalin Related Soil Protein (GRSP) is an important soil factor with a well
recognized role in affecting soil structure and quality (Fokom et al. 2012; Rillig et al.
2003). It is a recalcitrant glycoprotein produced by the ubiquitous Arbuscular
Mychorrhizal Fungi (AMF), one of the most important symbionts on Earth, which
provide benefits to plant performance (e.g. nutrient and water acquisition, pathogen
protection) in exchange for photosynthetic carbon (Brundrett 1991; Wu 2017). A
considerable amount of the carbon (C) allocated by the AMF is used in glomalin
production (Rillig et al. 2001, Treseder and Turner 2007) then released in soils during
hypha turnover (Driver et al. 2005). Although the chemical structure of GRSP is still
unclear, studies indicate that it is composed of polyfunctional groups, with rich
aromatic and carboxyl C, and associated with iron (Wright and Upadhyaya 1998;
Zhang et al. 2017; Zhong et al. 2017). This complex AMF by-product has been proven
to be a significant agent of soil C storage, preserving and accumulating soil organic
carbon (SOC) (Cornejo et al. 2008; Zhang et al. 2017). Moreover, GRSP has a sealant
property that binds soil particles, producing aggregates that stabilize soil against
erosion (Rillig 2004; Wright and Upadhyaya 1998). Thus, GRSP has been suggested
as a reliable indicator for soil quality assessment and monitoring (Nautyial et al. 2019;
Vasconcellos et al. 2016).

Microbial community and soil attributes influence GRSP levels (Wright and
Upadhyaya 1998; Zhang et al. 2017; Zhong et al. 2017). Different physical and
chemical soil conditions can affect GRSP content either directly favouring or
hampering its degradation, or indirectly through AMF community interference
(Nichols and Wright 2005; Rillig 2004). The plant community, in turn, has a large
influence on the AMF community (de Carvalho et al. 2012; Zobel and Opik 2014),
and plant dependence on the symbiosis increases as a greater proportion of C is
allocated to AMF (Treseder and Allen 2000). Therefore, GRSP content reflects a
complex interaction net, linking the above and belowground ecosystem components
(Singh et al. 2013; Wang et al. 2018). Assessing its pattern in ecosystems marked by
substrate heterogeneity can potentially bring to light relevant management issues.

GRSP has been investigated in various ecosystems - temperate forests, temperate
grasslands, deserts, tropical forests and agricultural systems (see Singh et al. 2013;

Treseder and Turner 2007). However, biodiverse non-forest ecosystems, such as the
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Brazilian campo rupestre (rupestrian grassland) and other OCBILs (old climatically
buffered unfertile landscapes, following classification of Hopper 2009), are largely
under-studied. OCBIL ecosystems are characterised by stressful environmental
conditions that hinder plant establishment, and are challenging to restore once they are
degraded (Fernandes et al. 2016b; Standish and Hobbs 2010). The campo rupestre
ecosystem harbours an oustanding biodiversity (e.g. more than 5000 plant species,
nearly 15 % of Brazil’s plant diversity) in an area corresponding to less than 1 % of
Brazil’s territory (Fernandes et al. 2018; Silveira et al. 2016). The campo rupestre is
characterised by a very heterogeneous substrate, even at small scale, which has a
profound influence on its diverse vegetation community (Abrado et al. 2019;
Fernandes 2016; Fernandes et al. 2020a; Jacobi et al. 2007). Its biodiversity and the
ecosystem services provided (e.g. recharge and water regulation, pollinators, natural
pest controllers, etc.) have been increasingly threatened by economic activities,
especially road construction and mining (Barbosa et al. 2010; Fernandes et al 2016b;
Fernandes and Ribeiro 2017; Pena et al 2017). Thus, the advancement of knowledge
on its ecology is urgently required to guide effective conservation and restoration
actions (Fernandes et al. 2020D).

Previous studies showed a marked presence of AMF in the campo rupestre
ecosystem (Coutinho et al. 2015, 2019; de Carvalho et al. 2012; Oki et al. 2016), which
leads to question of how relevant GRSP is in its soils. Indeed, the AMF association is
one of the most widespread strategies developped by plant species to deal with
environmental constraints (Brundrett 1991; Zobel and Opik 2014). At the same time,
other resource acquisition strategies have been described for many campo rupestre
plant species, such as sand-binding roots and vellozioid roots (e.g. Abrado et al. 2019;
Teodoro et al. 2019). Vellozioid roots correspond to carboxylate-releasing roots able
to mobilize nutrients directly from the rocks in species of the family Velloziaceae
(Lambers and Oliveira 2019; Teodoro et al. 2019). Sand-binding roots correspond to
roots that strongly bind sand with long or short root hairs, enhancing nutrient
acquisition directly by exudates or indirectly by altered hydraulic conductance
(Zemunik et al. 2018). Various plant species can have both AMF associations and
sand-binding roots, as listed in Zemunik et al. (2018). One can expect that plant species
developing strategies other than the AMF association are less dependent on AMF, and
then will release less GRSP in the soil. Species that do not rely solely on AMF as a

resource aquisition strategy may allocate less C to the mycorrhizas (Treseder and Allen
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2000), which, in turn, will produce less hypha, leading to lower GRSP production and
release. Similarly, non-mycorrhizal species may also shape GRSP spatial distribution,
where GRSP producers are absent. For exemple, Cyperaceae species, mostly non-
mycorrhizal, are very well represented in campo rupestre and their abundance varies
across habitats, dominanting in some habitats and not in others (de Carvalho 2012,
2014; Le Stradic et al 2015; Silveira et al 2016). A lower GRSP content could therefore
be expected where Cyperaceae species are abundant.

Here we investigated whether GRSP reflects the heterogeneous nature of campo
rupestre substrate and vegetation. GRSP associations with soil attributes and with
vegetation community characteristics were assessed, at a plot scale, aiming to answer
the following: 1) Does GRSP content vary according to substrate heterogeneity? 2)
How is GRSP related to physical-chemical soil attributes?; 3) Is GRSP related to
heterogeneity of plant community composition and structure?; and 4) Does the
abundance of less AMF dependent and of non-mycorrhizal plant species influence
GRSP content? We hypothesize that GRSP, as an AMF-by product and linked to a
complex net of above and belowground interactions, reflects campo rupestre
heterogeneity; and that GRSP content will be lower where less AMF dependent and

non-mycorrhizal plant species are more abundant.

Material and Methods

Study areas

The study was conducted in four pristine campo rupestre areas, in the southern
portion of the Espinhagco Range, in a region known as Quadrilatero Ferrifero (QF),
Minas Gerais State, southeastern Brazil. This region harbors the headwaters of
important Brazilian watersheds and lies at the fringe of two major domains, also the
two Brazilian biodiversity hotspots, the Atlantic Rainforest and the Cerrado (Callisto
etal. 2019, Fernandes 2016, Fernandes et al. 2016a, Rodrigues et al. 2018). The campo
rupestre ecosystem occurs throughout the mountain tops in the Espinhago mountain
range, with interspersed quartzitic and ferruginous substrates (Schaefer et al. 2016).
The vegetation is characterized by a mosaic of habitats, mainly shrublands, grasslands
and rocky outcrops, experiencing harsh environmental conditions. The soils are

shallow, acidic and low in nutrients. The climate is characterized by pronounced dry
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winters and wet summers, with very high daily temperature amplitude in the substrate
(Fernandes 2016). Two of the study areas have a ferruginous substrate, while the other
two have a quartzitic substrate. In each study area, 10 plots of 10 m x 10 m were
established, 10 m apart from each other, totalling 40 plots examined (= 4000 m?), 20

on ferruginous and 20 on quartizitic substrate.

Soil and vegetation survey

Five sub-samples of bulk soil were collected in each plot (4 corners and 1 centre
point) at 0 — 20 cm depth, and mixed thoroughly to produce a single composite
homogeneous representative sample for each plot. A subset of each composite sample
(ca. 500 g) was sent to a specialized soil laboratory at Vicosa Federal University,
Vicosa, Minas Gerais, Brazil, for physical-chemical analysis: pH; available P, K, Mn,
Fe, Zn, S and Cu; exchangeable Ca?*, Mg?* and AI**; Soil Organic Carbon (SOC);
granulometry and particle density. Soil analysis followed the recommendations of
EMBRAPA (2017). P and K were analysed with the Mehlich 1 extraction method;
Ca?*, Mg?*, A" with 1 mol L™ KCI extraction; SOC following the Walkley-Black
method.

Another subset of each composite sample was used for GRSP assessment,
performed at the Universidade Federal de Minas Gerais. Two GRSP fractions were
extracted from soil (2 g), as described by Wright and Upadhyaya (1998): easily
extractable glomalin (EEG) and total glomalin (TG). The latter is a more recalcitrant
fraction than the former. EEG was extracted with 20 mmol L-1 sodium citrate (8 ml in
each replicate), pH 7.0 at 121 °C for 30 min. and TG was extracted with 50 mmol L-1
sodium citrate (8 ml in each replicate), pH 8.0 at 121 °C for 60 min autoclave, in
repeated cycles. GRSP was quantified by the Bradford assay, using bovine serum
albumin as a standard (see Kruger 2009; Wright and Upadhyaya 1998 for protocol
details). Results are expressed in mg of GRSP per g of soil (mg g%). In addition, we
estimated GRSP carbon according to Zhang et al (2017), who found that purified
extracts of GRSP contain between 7 to 20% of carbon. We used the value of 10% of
carbon in the GRSP to estimate GRSP contribution to SOC in our study sites,
maintaining a conservative approach to estimate a minimum contribution of GRSP to

C storage.

In each 100 m? plot, all shrubby plant individuals with stem diameter at soil height

(DSH) equal to or greater than 10 mm were recorded. Inside each plot, a 1m? subplot
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was established to survey the herbaceous vegetation, as this represents an important
component of the campo rupestre vegetation (Fernandes et al. 2016a). The basal area
of each individual was calculated from its DSH measurement, for both shrubby and
herbaceous strata. The basal area was used to estimate the dominance of each species
in relation to all species in the plot, as an expression of species relative cover (Mueller-
Dombois and Ellenberg 1974, Mota et al 2014). When identification in the field was
not possible, plant samples were collected for later species identification, which was
done by specialists and by comparison with botanical material deposited in the
Universidade Federal de Minas Gerais Herbarium (BHCB). We utilized the
FungalRoot database v1.0 (Soudzilovskaia et al. 2019) to verify AMF association
status for each species. The supplementary data of Zemunik et al. (2018) and Abraéo
et al. (2019) were accessed to identify species that develop both AMF associations and
sand-binding strategies (from now on referred as AMF-sand-binding species).

Statistical analysis

A principal component analysis (PCA) was generated to assess how the study
plots are ordinated according to the physical-chemical soil attributes, followed by
Permanova analysis to test statistical significance of differences between plots of
different substrates (ferruginous vs. quartizitic). GRSP content was compared between
the two substrate types by T-test for TG and by Mann-Whitney test for EEG. To assess
how each GRSP fraction (EEG and TG) was related to physical-chemical soil
attributes, Pearson’s correlation analysis were performed. Variables were transformed
to reach normality whenever necessary. Spearman’s correlation was performed when
analysis involved variables that could not reach normality, even by data

transformation.

The relationship of each GRSP fraction with vegetation composition and structure
was assessed by non-metric multidimensional scaling (NMDS) using Bray-Curtis
distance with the species cover and composition matrix, followed by the ‘envfit’
function from the Vegan R package (Oksanen et al. 2019). This function identifies the
environmental variables linearly related with the NMDS ordination generated by
species composition and structure data. We performed one NMDS for the shrubby
vegetation community and one for the herbaceous vegetation community. To assess
the influence of species that are less AMF dependent on GRSP content, linear

regression analysis were performed for each GRSP fraction against the relative cover
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of 1) Velloziaceae species, and 2) AMF-sand-binding species. When the assumptions
of linear regression were not valid, even after data transformation, Spearman’s
correlation analysis was performed. The influence of the relative cover of non-
mycorrhizal species on GRSP content was also evaluated. In the herbaceous
vegetation, non-mycorrhizal species were represented almost totally by Cyperaceae
species. Only one non-mycorrhizal species belonging to an other family (Xyridaceae)
was found, present only in four plots and representing less then 1% cover in each of
them. Thus, Cyperaceae relative cover was used to estimate non-mycorrhizal species
influence on GRSP content. In the shrubby vegetation, non-mycorrhizal species were
present only in eight plots, representing less then 2% cover in each of them. Therefore,
the non-mycorrhizal effect was not assessed for shrubby vegetation, given that this
species class was not well represented in the shrubby strata.

All analyses were done using the R 3.4.0 statistical platform (R Core Team, 2019).
Results

Over all, study plots varied greatly in the content of both GRSP fractions, and
plots over ferruginous substrate had higher GRSP contents (Table 1). The two
principal axes of the soil atributes PCA explained 59% of the variation, with the first
axis explaining 44% (Fig.1). Higher values of most chemical soil variables were found
in the plots of ferruginous substrate (Fig.1). The PCA pointed two distinct groupings
according to the composition of physical-chemical soil atributes, corresponding to the
plots of ferruginous and quartizitic substrates (Fig.1). The differences between plots
of different substrates (ferruginous vs. quartizitic) in regard their physical-chemical
soil atributes were tested to be significant (p=0.001, R?=0.37). Comparing GRSP soil
content between substrate types, only TG showed a significant difference (p=0.03, t =
2.3345, df = 22.039), being more then twice as high in the ferruginous substrate then

in the quartizitic substrate.
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PC2

PC1

Fig.1 Principal component analysis (PCA) of campo rupestre ecosystem sites, according to their
physical and chemical soil factors. Black points correspond to sites of ferruginous substrate, and grey
points to sites of quartizitic substrate. FS= fine sand, CS= coarse sand, SOC= soil organic carbon.

In summary, the contribution percentage of GRSP to SOC (Table 1) was similar in
each substrate type and when considering all the study plots toghether. As GRSP
content is greater in the ferruginous substrate, one can say that its absolute contribution

to SOC is greater in the ferruginous than in the quartizitic substrate.

TG correlated positively with P, Zn, Mn, Mg, Ca, Fe, SOC, clay and particle density
(Table 2). EEG also correlated positively with particle density. Both TG and EEG

correlated negatively with fine sand (Table 2).

Composition and structure of plant community were shown to be dissimilar between
substrate types (Fig.2). The ordination of plots according to their plant composition
and structure showed two distinct groupings correspondent to the distinct substrate
types (ferruginous vs. quartizitic) (Fig.2). This were found for both shrubby and
herbaceous plant communities, despite more evident in the shrubby vegetation (Fig.2).

Greater TG amount was associated with shrubby and herbaceous vegetation of
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ferruginous substrate (Fig.2). GRSP was related to a portion of the general variance in

the vegetation composition and structure, although not a large portion (Table 3). Both

GRSP fractions were significantly related to the composition and structure of shrubby
vegetation (p=0.004 , r2=0.26 for TG; p= 0.027, r2=0.18 for EEG), and only TG was
related to the composition and structure of herbaceous vegetation (p=0.002, r2=0.32)
(Fig.2, Table 3).

Table 1. Contents of glomalin related soil protein (GRSP) fractions and other soil factors in plots of campo rupestre ecosystem
of different substrate types (quatzitic and ferruginous). Also, GRSP fractions respective contributions to the soil organic carbon
(EEG-SOC and TG-SOC). EEG = easily extracted glomalin related soil protein, TG = total glomalin related soil protein, SOC=
soil organic carbon, FS= fine sand, CS= coarse sand, DP= particle density.

All plots Ferruginous Quartzitic

EEG-SOC (%) 3 2.8 4
TG-SOC (%) 20 21 18.7

Mean value  Valuesrange Meanvalue Valuesrange Meanvalue  Values range
EEG (mg g?) 7.75+426 1.14-16.06 9.21+052 217-16.06 6.30+1.25 1.14-13.85
TG (mg g?) 46.08 + 29.56 4.66-135.46 66.84+10.71 4.66-135.46 28.02+3.77 14.32-31.41
P (mg/dm3) 0.91+0.40 01-2 1.1+0.39 05-2 0.7240.33 0.1-15
K (mg/dm?) 25.35+10.0 8.0-45.0 31.05+5.86 20.0-41.0 19.65+10.12 8.0-45.0
Ca (cmolc/dm?®) 0.46+0.38 0.0-15 0.78+0.29 0.24-15 0.15+0.11 0.0-0.48
Mg (cmolc/dm?3) 0.12+0.07 0.02 -0.27 0.18+0.05 0.1-0.27 0.06+0.03 0.02-0.11
SOC (dag/Kg) 2.31+1.24 0.66 - 5.88 3.17+1.19 1.76 - 5.88 1.46+0.45 0.66 - 2.39
Mn (mg/dm?) 24.0+27.28 1.1-106.8 43.5+26.81  15.9-106.8 4.46+2.37 1.1-9.8
Fe (mg/dm?) 191.8481.04 79.2-411.7 219.7+83.64 106.7-411.7 163.8+69.55 79.2-278.9
Zn (mg/dm?d) 2.5+1.26 1.03-5.25 3.5+1.01 2.18-5.25 1.5+0.31 1.03-2.24
Al (cmolc/dm?3) 0.81+0.42 0.19-1.97 0.6+0.27 0.19-1.03 1.02+0.43 0.28-1.97
S (mg/dm3) 8.8+3.25 43-17.7 7.7£3.75 43-17.7 10.0+2.22 6.3-134
Cu (mg/dm?) 1.240.24 0.73-1.75 1.24+0.22 0.73-1.54 1.16+0.25 0.86 - 1.75
pH 4.740.35 4.09 - 5.37 4.610.38 4.09-5.26 4.8+0.30 4.24 -5.37
FS (Kg/Kg) 0.13+0.09 0.02-0.29 0.08+0.06 0.02 -0.27 0.1940.08 0.04-0.29
CS (Kg/Kg) 0.52+0.13 0.1-0.77 0.57+0.08 0.4-0.74 0.47+0.15 0.1-0.77
Clay (Kg/Kg) 0.18+0.07 0.08-0.32 0.22+0.04 0.17-0.29 0.14+0.06 0.08-0.32
Silt (Kg/Kg) 0.16+0.09 0.05-0.48 0.13+0.04 0.06-0.24 0.2£0.11 0.05-0.48
DP (g/cm?®) 3.03+0.44 2.47 - 3.85 3.4+0.21 3.17 - 3.85 2.6+0.12 2.47 -2.94
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Table 2. Values of the significant results of correlations analysis
between each fraction of glomalin related soil protein (GRSP) and soil
physical and chemical factors, in campo rupestre sites.
cor=correlation coefficient, SOC=Soil organic carbon, FS=Fine sand,
DP=Particle density, EEG = easily extracted glomalin related soil
protein, TG = total glomalin related soil protein.

TG
cor pvalue cor pvalue
P 0.48  0.001 X X
Mg 0.38 0.014 X X
Ca 0.37 0.017 X X
Zn 0.36 0.02 X X
Mn 0.31 0.05 X X
Fe 0.31 0.05 X X
SOC 0.32 0.04 X X
Clay 0.47 0.002 X X
FS -043 0005 -0.39 0.01
DP 0.33 0.04 0.37 0.02
A
< T4
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Fig.2 Non-metric multidimentional scaling (NMDS) ordination of campo rupestre ecosystem sites, according to their composition
and structure of shrubby (A) and herbaceous (B) vegetation. Black points correspond to sites of ferruginous substrate, and grey points
to sites of quartizitic substrate. The vectors represent soil factors significantly related to the vegetation composition and structure, as
a result of envfit analysis (see Table 2). TG= total glomalin, EEG= easy extractable glomalin, FS= fine sand, DP= particle density,
SOC= soil organic carbon
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Table 3. Values of the envfit analysis, correlating soil factors with plant
composition and structure of campo rupestre sites, for shrubby and
herbaceous vegetation. Significant values are in bold. SOC=Soil organic
carbon, FS=Fine sand, CS=Coarse sand, DP=Particle density, EEG = easily
extracted glomalin related soil protein, TG = total glomalin related soil

protein.
Shrubby Herbaceous
r2 p value r2 p value
P 0.3049  0.001 0.2358 0.011
K 0.4611  0.001 0.4086 0.001
Ca 0.7127  0.001 0.2644 0.006
Mg 0.7489  0.001 0.2544 0.006
SOC 0.6196  0.001 0.3065 0.003
Mn 0.6259  0.001 0.3831 0.002
Fe 01830 0.029 0.1883 0.023
Zn 0.6981  0.001 0.4273 0.001
FS 0.2602  0.007 0.4633 0.001
Clay 0.3956  0.001 0.2883 0.003
DP 0.7028  0.001 0.2335 0.008
pH 0.1051  0.117 0.1337 0.072
Al 0.1035 0.124 0.0804 0.235
S 0.1509  0.052 0.0919 0.166
Cu 0.0302  0.555 0.1160 0.112
CS 0.1094 0.108 0.1187 0.096
Silt  0.1464  0.042 0.0236 0.663
EEG 0.1821  0.027 0.0913 0.174
TG 0.2189 0.015 0.3223 0.001

GRSP content was influenced by the relative cover of non-mycorrhizal species and of
species with less AMF dependency. The relative cover of Cyperaceae negatively
affected TG content (p=0.03; Fig.3): a one percent increase of Cyperaceae cover led
to a decrease of 44.4 mg g* in TG content, with this model explaning 10% of the total
variation in TG content. The relative cover of Velloziaceae also negatively affected
TG content (p=0.03; Fig.3), and a one percent increase of Velloziaceae cover led to a
decrease of 32.0 mg g in TG content, with this model explaning 10% of the total
variation in TG content. Moreover, the relative cover of the AMF-sand-binding species
was negatively correlated with EEG content (p=0.03, r=-0.34), as was also found
within substrate types: EEG content was negatively affected by the relative cover of
AMF-sand-binding species in both ferruginous (p=0.03) and quartizitic (p=0.02;
Fig.3) substrates. In the ferruginous substrate, the one percent increase in the cover of
AMF-sand-binding species leads to a decrease of 5.6 mg g in EEG content, with this
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TG

model explaning 20% of the total variation in EEG content. In the quartizitic substrate,
one percent increase in the cover of AMF-sand-binding species leads to a decrease of

18.7 mg g in EEG content, with this model explaning 24% of the total variation in

EEG content.
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Fig.3 Linear regressions of glomalin related soil protein (GRSP) against relative cover of Cyperaceae species (a), Velloziaceae species
(b), and species that present both arbuscular mycorrhizal (AMF) association and Sand-binding roots (c), in campo rupestre ecosystem
sites. The third graph (c) shows the relationship within sites of ferruginous substrate (fer) and quartzitic substrate (quar). The model’s
equation is presented in each graph. R2= coefficient of determination or R-squared of the model, EEG = easily extracted glomalin
related soil protein (mg g-1), TG = total glomalin related soil protein (mg g-1).

Discussion

Ecological patterns of GRSP were assessed in a highly biodiverse non-forest
ecosystem, and found to reflect the environmental heterogeneity, as a result of above
and belowground interactions. Results showed a high degree of variation in GRSP
content at the plot scale, which is consistent with the marked edaphic heterogeneity
found in the campo rupestre ecosystem (Fernandes et al. 2016b; Negreiros et al. 2014).
Ferruginous and quartizitic substrates differed markedly in GRSP content. Soil
attributes, vegetation, and fungal community may all have roles in determining
glomalin concentration across sites (Nichols and Wright 2005; Rillig et al. 2001).
Standing stocks of glomalin in soil are, then, determined by factors that affect both its
production (e.g. by influencing AM fungal growth) (Nichols and Wright 2005) and
decomposition; and the two fluxes can be affected independently (Rillig 2004). GRSP
pools are sensitive to management practice (Nautiyal et al. 2019; Rillig 2004; Wang
et al. 2018), and their mesurement is fairly easy and cheap (Purin and Rillig 2007),

suggesting that GRSP may have potential as an useful indicator.
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Soil organic carbon (SOC) content is one of the soil factors that most predicts GRSP
concentration and spatial distribution in ecosystems (Treseder and Turner 2007; Zhong
et al. 2017). The positive relationship found between GRSP and SOC in campo
rupestre is similar to previous reports for other ecosystems, such as a tropical soil
chronosequence (Rillig et al 2001), a semiarid rangeland (Bird et al. 2002),
Mediterranean steppes (Rillig et al. 2003), a broad survey of North American soils
(Nichols and Wright 2005), and tropical andosols in West India (Woignier et al. 2014).
Kumar et al (2018) also found this pattern in a restoration progression, studying a
reclaimed coal mine-land chronosequence, under tropical conditions. The large
proportion of GRSP in SOC reflects either protein stabilization by soil minerals or a
large contribution of fungal turnover to soil organic matter (Woignier et al. 2014). The
deposited GRSP could represent a reasonably large influx of soil organic matter,
possibly on the order of tens to hundreds of g m year? carbon (Treseder and Turner
2007). The slow turnover rate of GRSP and its ability to accumulate in the soil makes
it an important agent of C storage (Rillig 2004; Zhang et al. 2017; Zhu and Miller
2003). Here, we found a considerable GRSP contribution to C storage in the campo
rupestre ecosystem. Results estimated that the total fraction of GRSP contributes about
20% to the SOC, and that C content is greater in the ferruginous substrate, where GRSP

is present in greater amounts.

We found a positive correlation between GRSP and soil P content, in agreement with
recent campo rupestre studies (Oliveira et al. 2015; Zemunik et al. 2018), pointing to
an association of mycorrhizal colonization with higher P concentrations, within the
narrow range of low P levels. Considering the low soil P content in campo rupestre
(Benites et al. 2007; Schaefer et al. 2016), soil patches with slightly higher P content
must, then, contain more FMA hyphae, which, in turn, leads to a greater GRSP release
in the soil. In patches where P content is extremely low, the symbiosis benefits for the
plant may not outweigh the costs, and colonization is low or absent (Brundrett 1991).
Moreover, at a fine scale, the external fungal mycelium gets direct access to nutrients
outside the nutrient depletion zones (close to plant roots), reaching inaccessible
microsites (Lambers and Oliveira 2019). Hence, hyphae may also proliferate rapidly
and extensively in enriched patches during periods of rapid P mineralisation (\VVan der
Heijden and Sanders 2003). Our results also indicated that higher concentrations of

Zn, Mn, Mg, Ca and Fe were related to greater GRSP content.
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Our results indicate a relationship between soil texture and GRSP yields, as found
previously (Rillig and Steinberg 2002) and suggests a role of GRSP in soil aggregation.
Larger amounts of GRSP were related to greater soil particle density and clay content,
and with lower amounts of fine sand. Studies in other ecosystems also found positive
correlations between GRSP and clay content (Nichols and Wright 2005; Treseder and
Turner 2007). Since glomalin is protected by association with clay minerals (Woignier
et al. 2014), its decomposition will be lower where clay content is higher, which also
affects the C storage process. Similarly, soil Fe content can interfere with GRSP
decomposition and its consequent soil accumulation. Iron concentrations of 0.8 to
8.8% may protect glomalin from degradation and increase its thermal stability and
antimicrobial properties (Nichols and Wright 2005; Wright and Upadhyaya 1998). In
this way, greater Fe availability in the soil can lead to more Fe allocation for glomalin
production, and also reduce its degradation. This is supported both by the positive TG
correlation with available Fe, and by the higher TG content in the ferruginous
substrate. Santos et al (2020, unpublished data) also found greater GRSP content in
the ferruginous substrate compared with the quartizitic substrate, in campo rupestre.
GRSP degradation in the ferruginous substrate may, then, be lower due to influence of
greater Fe and clay contents (Rillig 2004, Table 1). Also, GRSP production may be
higher in the ferruginous substrate as consequence of a greater AMF presence (Nichols
and Wright 2005), and this deserves further investigation. As GRSP substantially
influences soil structuring and C storage (Rillig et al. 2003; Zhang et al. 2017), GRSP
content differences between substrate types must be taken into account for
conservation and management measures. Likewise, the vegetation heterogeneity must
be taken into account. Our results highlighted differences in vegetation composition
and structure between the two substrate types, especially in the shrubby strata (Fig.2).
Therefore, differences between ferruginous and quartizitic substrates are of relevance
for both above and belowground processes.

The GRSP content was related to both shrubby and herbaceous vegetation composition
and structure (Table 2), reflecting the heterogeneity in plant communities among sites.
More specifically, results also indicated an influence of the relative cover of less AMF
dependent plant species on GRSP variation. The greater the cover of species with both
sand-binding strategy and AMF association (in the same species), as well as of
Velloziaceae species with AMF association, the lower GRSP content. In the same way,

a lower GRSP content was related to a greater relative cover of non-mycorrhizal
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species. As an AMF by-product, GRSP is under the influence of the vegetation
community, as the plants govern the association levels with AMF and the respective
trade-offs related to the symbiosis costs and benefits (Brundrett 1991; Treseder and
Allen 2000; Zobel and Opik 2014). The present findings demonstrate how GRSP
patterns can reflect variations in vegetation composition and structure in the campo

rupestre ecosystem.
Conclusions

Our study is the first to examine ecological aspects of glomalin related soil protein
(GRSP) in the campo rupestre ecosystem and directions for further investigations. The
study shows how arbuscular mycorrhiza, through GRSP, are associated with
ecosystem heterogeneity. Glomalin distribution could reflect the heterogeneous nature
of the ecosystem, both in terms of the substrate and the vegetation. Our results indicate
that GRSP is an important soil factor in management and conservation issues in campo
rupestre and similar ecosystems. Studies in other localities and habitats of campo
rupestre, as well as at other similar ecosystems, will be needed to complement the
present findings and better understand glomalin ecology. Also, studies assessing
GRSP content across time at areas under restoration and/or in chronosequencies may
provide directly applicable knowledge for the management of those ecosystems. We
suggest that it is useful to assess both GRSP fractions, since responsiveness of each
may vary according to the target system and are complementary. Ours results help
elucidate the potential role of GRSP as an environmental indicator in campo rupestre
because of its relationships with soil quality (e.g. organic carbon, aggregation), soil
nutrient content (P, Zn, Mn and Fe), and vegetation composition and structure, and its

sensitivity to heterogeneity of both the substrate and the plant community.
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Capitulo 2

Perfis funcionais das comunidades vegetais em diferentes substratos e

habitats de campo rupestre em uma abordagem com maultiplos atributos

O capitulo foi desenvolvido em formato de artigo cientifico, a ser submetido,

aqui formatado para a revista Ecological Complexity
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Abstract:

The understanding of natural communities patterns is fundamental to build ecosystem
practical management. A functional approach helps elucidate the dynamics of
environmental filters and community assembly establishment. Species categorization
into functional groups alows to translate ecological complexity into applicable
knowledge. Here we developed a plant functional type (PFT) system to investigate the
functional patterns of campo rupestre plant communities, in different substrate and
habitat types. We sampled the herbaceous and shrubby vegetation and soil variables
in four habitats of two distinct campo rupestre that differ in substrate composition, i.e.
quartzitic and ferruginous. We classified the sampled species according to life history
traits of relevance for ecological restoration. Functional dissimilarity was assessed
among habitats and the two substrate types, and the role of soil factors in the
dissimilarities was investigated. Pollination and seed dispersal syndromes,
mycorrhizal association, and reproductive phenology were the main diagnostic traits
defining the PFTs. We found distinct functional structure between plant communities
of different substrate and habitat types, with markedly influence of soil factors of both
chemical and physical nature. Identified core PFTs pointed main trait combinations
represented in all or almost all habitats. We discuss about the singularities of each
habitat in regard the PFT diagnostic traits, and the identified core trait combinations
as the minimum to be represented when planning ecological restoration, as well as the

importance in contemplating the functional redundancy.
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Introduction

How local plant communities are assembled from the available pool of species is a
central goal in both theoretical and applied ecology (MacArthur and Levins 1967,
Temperton et al 2004). The comprehension of how ecological communities are
structured taxonomically and functionally is also needed to practical manage guidance,
such as for ecological restoration purposes and conservation actions (Landres et al
1999). Restoration of plant communities inevitably requires an understanding of the
functioning of natural communities, which are the main ecological forces that produce
patterns (Grime 1988, Temperton et al 2004). Consideration of general species traits
and further identification of the relative importance of specific traits in particular
systems helps understand the dynamics of environmental filters and community
assembly establishment (Grime 1988, Kleyer et al 2012). A functional trait approach
can, then, provide insights into patterns, important trade-offs and differing strategies

employed by species within a particular environment.

The inicial species reintroduced in a degraded area to be ecologically restored need to
present certain traits that favor ecosystem processes and overcome certain
environmental conditions (Fattorini and Halle 2004, Giannini et al 2016). It is then
important to consider the functional role of species selected for restoration projects,
such as their attractiveness to the animal seed dispersal guild (Goosem & Ticker 2012).
Fundamental plant traits to be selected should emphasise functional and successional
processes linked to dispersal, establishment, and persistence (Weiher et al 1999,
Goosem & Ticker 2012). Pollination, seed dispersal, growth, life-form, photosynthetic
pathway, resource acquisition strategy, resprout hability, among others, are examples
of morpho-physiological and life history traits considered to be important in terrestrial
plants, in regard ecological restoration of ecosystems (Fattorini and Halle 2004,
Goosem & Ticker 2012, Veldman et al 2015, Fernandes et al. 2016a).

Functional types are groups of species that are similar with respect to their role in
community or ecosystem processes, including the types of species present, their
relative abundances, and the nature of their interactions (Goosem & Ticker 2012,
Tsakalos et al 2019). Functional group framewaorks, in which species are categorized
by ecological functions, and the resulting groups treated as analytical units can help to
translate ecological complexity into applicable knowledge (Gillison 2013). Building

functional groups requires analysing combination of traits and can give insights into
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the functional relevance of trait combinations, or syndromes, in the adaptation of
species to multiple environmental aspects (Kleyer et al 2012). The concept of plant
functional types (PFT), yet still not unified, attempts to summarise the ecological
similarity of species in relation to defined environmental challenges (Tsakalos et al
2019), for example, related to the ecological restoration of an ecosystem. Functional
groups may be conceived as groups of species with similar functional niches, and allow
the mapping of functional niches in the landscape to infer biological constraints on
species ranges and habitat suitability, as well as the distribution of ecosystem functions
in the landscape (Kleyer et al 2012). The characterization of a functional profile of
plant communities, defining PFTs based on relevant traits for ecological processes
linked to establishment, persistence and reproduction might help identifying patterns
to guide ecosystem conservation and restoration efforts. Functional profiles can assist,
for example, in species selection for restoration programs, focusing on restoring

ecosystem functioning, beyond the simple taxonomic list of species.

Campo rupestre (rupestrian grassland) is a hyper-diverse ecosystem primaly occurring
in the southeastern Brazil, along the Espinhaco mountain range, usually above 900m
altitude, on either quartzitic and ferruginous substrate (Giulietti et al 1997, Conceicao
et al 2016, Fernandes 2016). It is qualified as an old climatically buffered infertile
landscape (Silveira et al 2016) and characterised by a very heterogeneous edaphic
conditions, even at small scale, that has a deep influence on its diverse vegetation
community (de Carvalho et al 2014, Schaefer et al. 2016, Abrado et al. 2019,
Fernandes et al. 2020). The vegetation is characterized by a mosaic of habitats, mainly
shrublands, grasslands and rocky outcrops, under harsh environmental conditions,
such as shallow, low-nutrient, and oligotrophic soils, and seasonal water deficit
(Fernandes 2016). The campo rupestre of quartzitic substrate is geologically older than
the campo rupestre of ferruginous substrate (also known as canga), leading to soils
with even lower nutrient content in the former due to weathering along the
evolutionary time (Silveira et al. 2020). This edaphic distinction and the known strong
association soil-vegetation of the campo rupestre ecosystem are expected to determine
plant communities characteristic of each substrate type (quartzitic and ferruginous)
(Fernandes 2016, Schaefer et al. 2016, Abrado et al. 2019, Silveira et al 2020).

The biodiversity of campo rupestre and the respective ecosystem services (e.g.
recharge and water regulation, pollinators, natural pest controllers, etc.) have been

increasingly threatened by anthropogenic disturbances, mainly road construction and
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mining (Barbosa et al. 2010; Pena et al 2017, Fernandes et al. 2018). As an ancient
landscape, with species-rich plant communities assembled under slow evolutionary
processes and harsh environmental conditions, the campo rupestre ecosystem presents
an extremelly low resilience and natural recovery (Hubbell 2001, Le stradic et al 2014,
Fernandes et al 2016a). Its restoration has been a challenge and the advancement of
the knowledge of its ecology is urgently required to guide restoration practices, as well

as conservation actions (Fernandes et al 2016a, 2016b).

Studies comprising the functional aspects of campo rupestre plant communities are
still incipient, yet they have been gaining especial attention, given the importance of
understanding the ecosystem functioning for both conservation and restoration
purposes (see Negreiros et al 2014, Fernandes et al 2020, Caminha-Paiva et al 2020).
Here, for the first time, we develop a multi-trait PFT approach to generate functional
profiles of campo rupestre plant communities, considering its vegetation and substrate
heterogeneity, in order to better understand how these communities are functionally
structured, and improve the ecological knowledge to be applied on its restoration and

conservation.

We aim to, specifically, investigate the functional patterns of campo rupestre plant
communities in different substrate and habitat types, by: 1) developing a PFT system,
based on the selection of species’ life-history traits linked to ecosystems processes
with relevance to ecological restoration (i.e. persistence, reproduction and biological
interactions); 2) defining functional plant communities, by instating the PFT system
with species data from plant composition and structure of different campo rupestre
habitats; 3) assessing similarity between the functional plant communities of different
substrate types and of different habitats; 4) building functional profiles for different
campo rupestre habitats, from the defined PFTs; and 5) identifying soil drivers of the

functional communities’ patterns by integrating soil variables data set.

It is expected one of two possible scenarios: 1) Variability of edaphic conditions
between substrates/habitats selecting different trait combinatons and leading to
functional dissimilarity between substrates/habitat types (Negreiros et al 2014;
Caminha-Paiva et al 2020), as soil is a strong filter of campo rupestre plant
communities (de Carvalho et al 2014, Abrado et al. 2019); or 2) Variability of edaphic
conditions between substrate/habitats selecting different species but with similar trait

combinations, leading to functional similarity between substrate/habitat types. This
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second scenario relies on the concept of functional redundancy, in which
taxonomically distinct species exhibit similar ecological traits/functions (Walker
1992), and on that multi-species systems are often functionally redundant (Cowling et
al 1994, Aiello-Lammens et al. 2017, Tsakalos et al. 2019, Castro et al 2020).

Material and Methods
Study areas

The study was conducted in four areas of pristine campo rupestre, located at the south
portion of the Espinhaco Range, more specifically in a region known as Quadrilatero
Ferrifero (QF), Minas Gerais State, southeastern Brazil. This region harbors the
headwaters of important Brazilian watersheds and lies at the fringe of two major
domains, also the two Brazilian biodiversity hotspots, the Atlantic Rainforest and the
Cerrado or Brazilian Savanna (Fernandes et al. 2016b, Rodrigues et al. 2018, Callisto
etal. 2019). The climate is characterized by pronounced dry winters and wet summers,
with very high dayly temperature amplitude in the substrate (Schaefer et al. 2016).
Two of the study areas are over ferruginous substrate (canga), while the other two are
over quartzitic substrate. Each study area represent a different campo rupestre habitat,
namely: canga couracada, canga nodular, quartzitic grassland, and quartzitic outcrop
(Fig. 1). In each study area, 10 plots of 10m x 10m were established, 10m apart from
each other, totalling 40 plots examined (= 4000 m?), 20 in ferruginous and 20 in

quartzitic substrate.
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Figure 1. Campo rupestre habitats, A: canga couracada, B: canga nodular, C:

quartzitic grassland, D: quartzitic outcrop.

Vegetation and soil survey

In each 100 m? plot, all shrubby plant individuals with stem diameter at soil height
(DSH) equal to or greater than 10 mm were recorded. Inside each plot, a 1m? subplot
was established to survey the herbaceous vegetation, as this represent an important
component of the campo rupestre vegetation (Fernandes et al. 2016b). The basal area
of each individual was calculated from its DSH measurement, for both shrubby and
herbaceous strata. The basal area was used to estimate the dominance of each species
in relation to all species in the plot, as an expression of species relative cover (Mueller-
Dombois and Ellenberg 1974, Mota et al 2014). When identification in the field was
not possible, plant samples were collected for later species identification, which was
done by specialists and by comparison with botanical material deposited in the
Universidade Federal de Minas Gerais Herbarium (BHCB).

Five sub-samples of bulk soil were collected in each plot (4 corners and 1 centre point)
at 0 — 20 cm depth. The sub-samples were mixed thoroughly to produce a single
composite homogeneous representative sample for each plot. A subset of each
composit sample (ca. 500 g) was sent to a specialized soil laboratory at VVigosa Federal
University, Vicosa, Minas Gerais, Brazil, for physical-chemical analysis: pH;
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available contents of P, K, Mn, Fe, Zn, S and Cu; exchangeable contents of Ca2+,
Mg2+ and Al3+; Soil Organic Carbon (SOC); granulometry and particle density. Soil
analysis followed the recommendations of EMBRAPA (2017). P and K were analysed
with the Mehlich 1 extraction method; Ca2+, Mg2+, Al3+ with 1 mol L-1 KCI
extraction; SOC following the Walkley-Black method. Another subset of each
composite sample was used for glomalin related soil protein (GRSP) assessment.
Easily extractable glomalin (EEG) and total glomalin (TG) were extracted from soil
(2 g) as described by Wright and Upadhyaya (1998). EEG was extracted with 20 mmol
L-1 sodium citrate, pH 7.0 at 121 °C for 30 min. and TG was extracted with 50 mmol
L-1 sodium citrate, pH 8.0 at 121 °C for 60 min autoclave, in repeated cycles. The
quantification was made by Bradford assay, using bovine serum albumin as a standard
(see Kruger 2009; Wright and Upadhyaya 1998 for protocol details). Results are
expressed in mg of GRSP per g of soil (mg g-1).

Species trait data and PFT system formulation

To formulate a PFT system reflecting the challenges involved in the ecological
restoration of the campo rupestre habitats we generated a database describing various
ecological-functional aspects of the life histories of the species surveyed in the study.
The functional traits selected are linked to ecological processes considered to be
relevant to ecosystem restoration, such as functional aspects of species persistence,
reproduction and biological interactions (Table 1). Also, the facility and simplicity in
data obtaining and handling were taken into account for trait selection, once the aim is
that this approach may be easily replicated by restoration practioners and managers.
The information was collected mainly from the literature (see the list privided in
Supplementary material), but expert consultation (see Acknowledgements) and field
observations were also used in complement A trait data matrix was build compiling

each trait categorization for each species.

Cluster analysis was applied for the PFT’s classification (Kleyer et al 2012, Tsakalos
et al 2019). The Unweighted Pair Group Method with Arithmetic Mean (UPGMA;
Sokal and Michener, 1958) was used as the cluster algorithm on the matrix of the
Gower’s coefficient (Gower 1983). This coefficient has been devised to handle data
containing variables of various mathematical types, each variable receiving a treatment
corresponding to its category (Borcard et al 2011). As the trait data compilation in our

study comprises mixed mathematical types of variables (categorical and binary), the
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Gower’s coefficient is the most suitable to calculate our distance matrix. A cophenetic
value matrix of the UPGMA clustering was used to test for the goodness-of-fit of
the clustering to the resemblance matrix on which it was based by computing
the product-moment correlation coefficient (r) with 1000 permutations (Borcard et
al 2011). The result of the cluster analysis was overlayed on a NMDS ordination to
improve the interpretation of the clustering results, assisting in the recognition of the
main groups of species, given the set of traits (Borcard et al 2011). The NMDS
ordinations were performed with the ‘metaMDS’ function from the R vegan package
(Oksanen et al 2020), over the dissimilarity matrix calculated with Gower’s
coefficient, using 1000 random starts to search for the most optimal two-dimensional
solution, i.e., the one with the minimum stress value. An ecological meaning
interpretation was taken from the generated clusters and NMDS ordination grouping
to define the PFTs. Two principal groups were firstly defined in regard vegetation
strata (shrubby or herbaceous), as they present distinct ecological behavior, and, also,
were differently sampled, as herein described. Then, cluster analysis procedures were

taken for each major group, i.e., herbaceous and shrubby habits.
Functional profiles and communities” analysis

The importance value index (I\VVI) was calculated for each species in each habitat type,
from data of species relative frequency, relative density (individuals number) and
relative cover in the surveyed plots. This was performed separately for herbaceous and
shrubby vegetation, once they were sampled separately. After the PFTs definition,
species identities were replaced by the newly defined PFTs in the calculated IV1 data,
allowing to identify the importance value of each PFT, and build functional profiles
for each habitat type. Main PFTs were defined for each habitat as those with the highest

importance values, making up 70-80% importance value of the habitat.
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Table 1. Selected traits for the plant functional types (PFT) classification of campo rupestre communities, based
on species life hitories and ecological functions relevant to ecosystem restoration, with the respective states used
for the species categorization. References listed regard to the functional aspects described as linked to each

selected trait.

Traits

States

Functional aspects

Reference

Habit/Stratum

Pollination syndrome

Seed dispersal
syndrome

Flower phenology

Fruit phenology

Leaf phenology

Resource acquisition
strategy

Resprout ability

Seed size

Growth form

shrubby/herbaceous

Insects (yes/no)
Birds (yes/no)
Bats (yes/no)
Wind (yes/no)

Zoochoric (yes/no)
Anemochoric (yes/no)
Autochoric (yes/no)

Dry season (yes/no)
Wet season (yes/no)

Dry season (yes/no)
Wet season (yes/no)

Decidouos, or
semideciduous, or
evergreen

Mycorrhizal association
(yes/no)

Sandbinding roots
(yes/no)

N fixation (yes/no)
yes/no

Micro (< or = 1mm), or
Small (1 — 10mm), or
Medium (10 — 40mm)

Phanerophytes, or
Chamaephytes, or
Hemicryptophytes, or
Geophytes, or
Terophytes

Structural support; strata
complexity; potential rooting
depth; water use; soil holding
and cover

Plant species reproduction;
atracctivness to fauna;
biological interactions;
biodiversity

Plant species reproduction;
atracctivness to fauna;
biological interactions;
biodiversity; colonization
potential

Availability and temporal
distribution of reproductive
resources

Growth and resource
allocation; leaf gas exchange
and longevity; plant water
stress; herbivore-plant
interactions; decomposition;
productivity

Nutrient and water acquisition
interactions; trade-offs in C
allocation; biological
interactions

Stress tolerance; drought and
fire response; water and
nutrient use and allocation

Dispersal potential;
germination; atracctivness to
fauna

Growth and reproduction
dynamics; C allocation; water
and nutrient use

Fernandes et al 2016a;
Lambers and Oliveira
2019

Goosem & Tucker
2012; Fernandes et al
2016a

Goosem & Tucker
2012; Fernandes et al
2016a

Goosem & Tucker
2012; Garcia et al 2014

Reich 1995; Goosem &
Tucker 2012

Goosem & Tucker
2012; Coutinho et al
2015, 2019; Lambers
and Oliveira 2019

Clarke et al 2013;
Veldman et al 2015;
Fernandes et al 2016a

Goosem & Tucker
2012; Silveira et al
2013, 2014

Raunkiaer 1934; Mota
etal 2018
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Species identities presented in the vegetation plot data sets of composition and
abundance were also replaced by the defined PFTs. As abundance it was considered
the relative cover weighted by the relative density of each species. With the
replacement of species by their respective PFT, functional communities data sets were
generated, comprising the composition and abundance of each PFT per plot. It was
generated one data set for the herbaceous and other for the shrubby species. An NMDS
ordination was performed to assess dissimilarity between the plots, according to the
defined PFTs, using the ‘metaMDS’ function from the R vegan package (Oksanen et
al 2020) over a Bray-Curtis dissimilarity matrix, calculated from the functional
communities data sets. We used 1000 random starts to search for the most optimal
two-dimensional solution, with the minimum stress value. Anosim (Similarity
ANOVA - 5 % of significance) was applied to test the functional dissimilarity
significance (Clarke & Green 1988) between plant communities of different substrate
types (quartzitic vs. ferruginous) and of different habitats.

To explore the relatioship between the functional communities and their potential soil
drivers, we first generated a principal component analysis (PCA) with the soil
variables in order to assess edaphic differences among habitats. We then applied the
‘envfit’ function from the R vegan package (Oksanen et al 2020) over the dissimilarity
NMDS ordination of the funtional communities. Each soil variable pointed by the
envfit as significantly related to the functional communities ordination was selected
for, subsequently, be used in a distance-based redundancy analysis (db-RDA,;
Legendre and Anderson 1999) with the Bray-Curtis matrix of the defined functional
communities, generating a dissimilarity ordination constrained by the soil variables.
The db-RDA model was called by the ‘capscale’ function from the R vegan package
(Oksanen et al 2020), and enabled identify in the ordination the PFTs related to the
soil variables, as well as the explanation level of the soil variables, as a whole, in the

functional communities’ dissimilarity.

The NMDS ordination followed by Anosim, and envfit were performed separately for
herbaceous and shrubby communities, as well as the db-RDA. All analysis were made
using the R 3.4.0 statistical platform (R Core Team 2020).
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Results

A total of 152 species were sampled, including herbaceous and shrubby species, and a
total of 129 species (28 herbaceous and 101 shrubby species) were used in the PFT
system development, as some species remained only morphotyped or identified at the
genus level. Nevertheless, the species included in the PFT system encompassed 90%
importance value in the vegetation of each habitat and stratum (herbaceous and
shrubby) surveyed.

We identified 20 PFTs (Table 2) from the generated clusters, comprised in the two
firstly defined major groups (herbaceous and shrubby strata). The cophenetic value
matrix of the UPGMA of herbaceous and shrubby clustering was, respectively, 0.77
and 0.72, representing a great goodness-of-fit of the clustering. The herbaceous major
group was subdivided into seven PFTs, which were defined mainly by pollination
syndrome, seed dispersal syndrome, and resource acquisition strategy. The shrubby
major group was subdivided into 13 PFTs mainly defined by seed dispersal syndrome,
reproductive phenology, and resource acquisition strategy. Seed size varied within
most of PFTs, but was relevant in defining few specific shrubby PFTs. As all shrubby
species sampled are insect pollinated, the pollination syndrome was not relevant in
defining PFTs of shrubby vegetation. Growth form and leaf phenology varied within
the defined PFTs. Resprout ability was presented by almost all species sampled and,

hence, was not a strong grouping former.

Some PFT were exclusive from certain habitats, of which G7 stands out, representing
7% importance value in canga nodular, and comprising herbaceous zoochoric
mycorrhizal species, pollinated exclusively by insects. The PFT G11 was exclusive
from quartzitic outcrop, but correponds to just one species (Roupala montana Aubl.,
Proteaceae) with an unique combination of traits, that is anemochory plus autochory,
pollination by insects plus birds, flowering only on the dry season, non-mycorrhizal,
with presence of sandbinding roots, and medium seeds. However, it is very

underrepresented, with less than 1% importance value.
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Table 2. Description of each defined plant functional type (PFT) of campo rupestre plant species survied in four habitats
(namely canga couracgada, canga nodular, quartzitic grassland, and quartzitic outcrop) in the Quadrilatero Ferrifero region.
PFTs definition was based on life history traits with relevance for ecological restoration (see Table 1).

PFT Description

G1 Herbaceous anemochoric species, pollinated by insects. Flowering only on the dry season. Associate with
mycorrhiza, presenting or not sandbinding roots.

G2 Herbaceous anemochoric species, pollinated exclusively by wind. Associate with mycorrhiza, presenting or
not sandbinding roots.

G3 Herbaceous anemochoric species, pollinated exclusively by wind. Non-mycorrhizal, present sandbinding
roots.

G4 Herbaceous zoochoric species, pollinated exclusively by wind. Associate with mycorrhiza.

G5 Herbaceous autochoric or autochoric and anemochoric species, pollinated by insects and wind. Non-
mycorrhizal, present sandbinding roots.

G6 Herbaceous autochoric species, pollinated exclusively by insects. Flowering either on dry and wet seasons.
Associate with mycorrhiza.

G7 Herbaceous zoochoric, pollinated exclusively by insects. Flowering and Fruiting on the wet and on the dry
season. Associate with mycorrhiza.

G8 Shrubby anemochoric species, pollinated by insects. Flowering only on the dry season. Associate with
mycorrhiza, presenting or not sandbinding roots. Micro or small seeds.

G9 Shrubby anemochoric species, pollinated by insects. Flowering either on dry and wet seasons. Associate with
mycorrhiza, presenting or not sandbinding roots. Micro or small seeds.

G10 Shrubby anemochoric species, pollinated by insects. Flowering and fruiting only on the wet season. Associate
with mycorrhiza, presenting or not sandbinding roots. Micro or small seeds.

Gl1 Shrubby anemochoric and autochoric species, pollinated by insects and birds. Flowering only on the dry
season. Non-mycorrhizal, present sandbinding roots. Medium seeds.

G12 Shrubby anemochoric species, pollinated by insects or by insects and birds. Flowering on the wet or on the
dry season. Associate with mycorrhiza. Medium seeds.

G13 Shrubby autochoric or autochoric and anemochoric, pollinated by insects or insects and birds. Flowering
either on dry and wet seasons. Associate with mycorrhiza. Micro or small seeds.

Gl14 Shrubby autochoric species, pollinated by insects or birds. Offer resources (flower and/or fruit) on either dry
and wet seasons. Associate with mycorrhiza and N»-fix bacteria. Small seeds.

G15 Shrubby autochoric species, pollinated by insects and/or birds. Flowering only on the wet season.
Mycorrhizal or non-mycorrhizal. Small seeds.

G16 Shrubby zoochoric species, pollinated by insects or insects and birds. Flowering and fruiting only on the wet
season. Associate with mycorrhiza, presenting or not sandbinding roots. Small or medium seeds.

G17 Shrubby zoochoric species, pollinated by insects. Flower in one season and fruit on the other. Associate with

mycorrhiza, presenting or not sandbinding roots.
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G18 Shrubby zoochoric species, pollinated by insects. Flower and/or fruit on either dry and wet seasons. Associate
with mycorrhiza, presenting or not sandbinding roots.

G19 Shrubby zoochoric species, pollinated by insects. Flowering and fruiting only in the dry season. Associate
with mycorrhiza, presenting or not sandbinding roots. Micro or small seeds.

G20 Shrubby autochoric species, pollinated by insects. Flowering only on the dry season. Mycorrhizal or non-
mycorrhizal. Micro or small seeds.

Five PFTs were very low represented in all habitats, one from herbaceous (G1) and
four from shrubby stratum (G12, G14, G19, G20). PFTs G12 and G20 were even
absent in canga couracada. Some PFTs were very well represented only in a certain
habitat, despite being present in the others: G6 (herbaceous, insect pollinated
autochoric and mycorrhizal species) with almost 40% importance value in canga
couracada; G13 (shrubby autochoric mycorrhizal species, pollinated by insects or by
insects and birds, flowering either in wet and dry seasons) with 18% importance value,
also in canga couracada; and G16 (shrubby, mycorrhizal, zoochoric species,
pollinated by insects or by insects and birds, flowering and fruiting only on the wet
season) with 15% importance value in canga nodular. The PFT G10 (shrubby,
mycorrhizal, anemochoric species, pollinated by insects, flowering only on the wet
season) is well represented only in the quartzitic grassland, with 16% importance
value. Such importance is, however, due to only one species (Microlicia martiana O.
Berg ex Triana, Melastomataceae), dominant in the shrubby stratum of the habitat, and

the only species representing G10 in quartzitic grassland.

PFT profiles defined through importance value index revealed major important PFTs
for each habitat type, namely main PFTs (Fig. 2; Table 3). It is interesting to note that
G3 was present only in the habitats of quartzitic substrate (i.e. quartzitic grassland and
quartzitic outcrop), where it is well represented, with more than 20% importance value.
G3 is composed by herbaceous anemochoric species, pollinated exclusively by wind,

non-mycorrhizal, and with sandbinding roots.
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Figure 2. The main plant functional type (PFT) of each campo rupestre habitat for the herbaceous (up) and the
shrubby (down) vegetation, according to their importance values proportion. The main PFTs of each habitat
encompass 70-80% importance value in that habitat. CC= canga couragada, CN= canga nodular, QG=
quartzitic grassland, QO= quartzitic outcrop. The * points the core PFTs, that is those main PFTs that are

present in all or almost all habitat types.
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From the PFT profiles it was possible to identify core PFTs, which are those presenting
high importance value in all or almost all habitat types, that is, those main PFTs
common to all or almost all habitats (Fig. 2, Table 3). In herbaceous vegetation, the
core PFTs comprise wind pollinated, mycorrhizal, anemochoric species (G2); and
wind pollinated, mycorrhizal, zoochoric species (G4). Despite G5 (autochoric or
autochoric and anemochoric species, pollinated by both wind and insects, and non-
mycorrhizal) was not one of the major important PFT in canga couracada, it could be
also considered as a core PFT in herbaceous vegetation, once it presented high
importance value in the other three habitats. On the other hand, canga couracada
presented G6 (autochoric, insect pollinated, mycorrhizal species) as one of its major
PFTs, while it was largely underrepresented in the other habitats (less than 5%
importance value). In the shrubby vegetation, the core PFTs comprise primarily animal
pollinated autochoric species, flowering only on the wet season, mycorrhizal or non-
mycorrhizal (G15); and animal pollinated, mycorrhizal, zoochoric species, flowering
and/or fruiting in both seasons (G18). Despite G18 was not one of the main PFT in
canga couracada, it was in the other three habitats. In the same way, G9 (exclusively
anemochoric mycorrhizal species, pollinated by insects, flowering on both seasons)
was not one of the main PFTs in quartzitic grassland, but it can be also considered a
core PFT, once it presented high importance value in the other three habitats,
especially those over ferruginous substrate (i.e. canga couracada and canga nodular).
Insterestingly, G9 absence in quartzitic grassland is compensated by G10, which is
well represented only in this habitat and by only one species, as mentined above. In
this way, the supply of flowering in both seasons by anemochoric mycorrhizal species
is provided by two PFTs in quartzitic grassland, which are G10 and G8. Both PFTs
comprise anemochoric mycorrhizal species (just as G9), but G10 species flower only
in the wet season, while G8 species flower only in the dry season, thus complementing
flower period. Quartzitic outcrop and canga nodular also presented considerable
importance value for G8 (respectivelly 13% and 9%), while in canga couragcada G8

wasn’t a major PFT, with about merely 2% importance value.
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Table 3. Main plant functional types (PFTs) of each campo rupestre habitat and their respective
importance value (V1) for both herbaceous and shrubby strata. In pink are the core PFTs, that is, those
main PFTs that are present in all or almost all habitat types. The symbols represent the combined

functional traits of each PFT.

Canga Canga Quartzitic Quartzitic
couracada nodular grassland outcrop
G2 Moo OB 12% 39% 35% 2%
G3 % ,0 G0 B S - - 20% 26%
§ G4 %0 % & 46% 32% 19% 13%
1] —
§ G5 *iﬁ S Bk . 19% 20% 15%
G6 #* ,&?t @ 38% - - §
c7 ¥ % - 7% - -
Gs %® S ® 3 i 9% 10% 13%
6o g Cp ®RE 48% 15% ; 11%
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G10 %™ S & 3 . - 16% i
3 e%T O e 1% - - .
=
wn < o~
G15 #f o> ® B 12% 29% 39% 37%
5 8 O
G16 ** % & }3 a - 15% - -
18 %* Oy D e : 11% 13% 11%

A significant dissimilarity has been found between the functional communities over
ferruginous and quartzitic substrates, for both herbaceous (R=0.24, p = 0.001) and
shrubby (R=0.26, p = 0.001) vegetation. Despite the ordination of functional
communities (Fig. 3) showed many plots of different habitat close to each other (i.e.
similar), reinforcing the small scale heterogeneity, all habitat types were revealed to
be significantly dissimilar when compared pair to pair by Anosim (Table 4). The
exception is the herbaceous vegetation of quartzitic grassland and quartzitic outcrop,
which were similar with each other (Table 4). It is notable that canga couracada was
the habitat that most differed from all the other habitats (Fig. 3, Table 4).
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Figure 3. Dissimilarity ordination of functional communities defined by plant functional types (PFT)
composition and abundance of a) shrubby and b) herbaceous vegetations, in different campo rupestre
habitats. Different dot colours illustrates different habitat types: red = canga couragada, orange =

canga nodular, light green = quartzitic grasslands, and dark green = quartzitic outcrop.
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Table 4. One-way Anova results showing the significance of the dissimilarity between
the campo rupestre habitats, compared by pairs, in regard their functional communities
(composition and abundance of plant functional types), in both shrubby and herbaceous
vegetation. CC= canga couracada, CN= canga nodular, QO= quartzitic outcrop, QG=
quartzitic grassland. Significant p-values are in bold.

Shrubby Herbaceous
Compared pairs of habitat R P value R P value
Functional communities

CC-CN 0.78 0.001 0.22 0.02

CC-QO 0.78 0.001 0.46 0.003

CC-QG 0.74 0.001 0.54 0.001

CN-QO 0.24 0.017 0.14 0.04

CN-QG 0.19 0.015 0.12 0.05

Q0 -QG 0.12 0.049 0.10 0.095

Soil variables” PCA pointed distinct edaphic conditions among plots of different
substrate types, as well as among plots of different habitats types, in regard their
physical and chemical soil components (Fig. 4). According to envfit analysis, the soil
variables significantly related to the shrubby functional communities were: soil
organic carbon (SOC), P, Fe, Mn, Zn, K, Ca, Al, fine sand, coarse sand, silt and pH
(Table 5). The soil variables significantly related to the herbaceous functional
communities were: total glomalin (TG), SOC, P, Fe, Mn, Zn, K, Ca, clay, and fine
sand (Table 5). The first two db-RDA axis explained all toghether 63% of the
functional compositional variance of the shrubby communities, and 61% of the
herbaceous communities, using the soil variables. Without soil variables constraining,
the first two db-RDA axis explained only 34% (shrubby) and 23% (herbaceous) of the
functional compositional variance. In the shrubby stratum, the PFT G9 was associated
to Fe, P, and coarse sand; while G15 was associated to low K content and higher pH
(Fig. 5a). G15 was also fairly related to quartzitic substrate plots. In the herbaceous
stratum, the PFT G4 was relatively associated with total glomalin content, and strongly
related to ferrugineos substrate plots (Fig. 5b). The PFT G3 showed to be fairly
associated to low values of clay, Fe, P, K, and organic carbon content, and also

associated to quartzitic substrate plots (Fig. 5b).
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Table 5. Envfit result — relatioship between soil variables and the
dissimilarity ordination of the defined functional communities for the
shrubby and the herbaceous strata, in campo rupestre ecosystem. EEG=
easily extractable glomalin, TG= total glomalin, SOC= soil organic carbon,
DP= particle density. Significant p values are in bold.

Shrubby Herbaceous

r2 p value r2 p value
P 0.26 0.003 0.19 0.020
K 0.17 0.026 0.20 0.014
Ca 0.17 0.031 0.22 0.009
Mg 0.13 0.067 0.14 0.060
SoC 0.47 0.001 0.26 0.005
S 0.02 0.735 0.02 0.696
Mn 0.56 0.001 0.43 0.001
Fe 0.32 0.001 0.24 0.010
Zn 0.51 0.001 0.51 0.001
pH 0.21 0.012 0.14 0.067
Al 0.28 0.005 0.06 0.337
Cu 0.1 0.119 0.04 0.486

Fine sand 0.28 0.003 0.42 0.001
Coarse sand 0.21 0.014 0.12 0.130

Clay 0.11 0.130 0.21 0.020
Silt 0.16 0.035 0.01 0.791
DP 0.12 0.081 0.12 0.103
EEG 0.01 0.839 0.14 0.061

TG 0.09 0.172 0.31 0.002
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Figure 4. Principal component analysis (PCA) of soil variables across plots of different habitats in

campo rupestre ecosystem. CC= canga couragada, CN=canga nodular, QG= quartzitic grassland,

QO=quartzitic outcrop. SOC= soil organic carbon, CS= coarse sand, FS= fine sand, TG= total glomalin.
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Figure 5. Distance based RDA ordination of the defined a) shrubby and b) herbaceous functional
communities in campo rupestre sites. P1 to P40 represents the plots surveyed (P1 to P20 are plots of
ferruginous substrate, and P21 to P40 are plots of quartzitic substrate). Soil variables significantly related
to the functional communities dissimilarity are represented by blue vectors. Plant functinal types (PFT)
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are represented in red color, accordinly to its main associations with both plot functional communities
and soil variables. SOC= soil organic carbon, FS= fine sand, TG= total glomalin.

Discussion

Here we developed a multi-trait approach to build a PFT system based on relevant
processes to ecological restoration. The PFT system was applyied to different habitats
of campo rupestre ecosystem, encompassing two different substrate types (ferruginous
and quartzitic), to formulate functional profiles and functional communities, which
were assessed in regard to their dissimilarities. The functional profiles provided the
identification of the most important PFTs for each habitat (main PFTs), and the core
PFTs in a perspective of all studied habitats. Results showed that both herbaceous and
shrubby old growth plant communities assembled in quartzitic substrate were
functionally distinct from those assembled in ferruginous substrate, in regard to the
multiple life-history traits of campo rupestre species, especially pollination syndrome,
seed dispersal syndrome, resource acquisition strategy, flower and fruit phenologies,
and seed size (PFT diagnostic traits). Likewise, functional structure of plant
communites were dissimilar between the four habitat types assessed, with only the
herbaceous vegetation of the quartzitic habitats (quartzitic grassland and quartzitic
outcrop) being similar with each other. These results are in accordance with other
studies assessing functional aspects of campo rupestre plant communities, in which
different habitat types displayed distinct functionality, directed by edaphic
heterogeneity, despite traits evaluated being different from those assessed here
(Negreiros et al 2014, Caminha-Paiva et al 2020). In the present study, soil variables
explained a relevant proportion of the dissimilariy among habitat types, emphasizing
the markedly influence of edaphic conditions in the functional structure of plant
communities (Cornwell & Ackerly 2009, Moraes et al 2016). Conversely, Tsakalos et
al (2019), characterizing kwongan vegetation (also an OCBIL) in a similar PFT
system, found poor explaning power of environmental variables in the variability of
the functional communities. Authors attributed this to a great portion of kwongan flora
assembly being explained non by edaphic filtering but by neutral processes like
dispersal limitation. However, they assessed kwogan vegetation as a whole and not

discriminating habitat heterogeneity.

The functional communities of canga couragada was markedly dissimilar from all the

other habitats, especially from the quartzitic habitats. This may be due to peculiar
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edaphic conditions and their respective filtering effect in canga habitats, mainly in
canga couracada. Among the PFTs related to soil variables in RDA, G4 and G9 are
of much greater importance in canga couragada and associated to higher contents of
total glomalin (G4), and of Fe, P, and coarse sand (G9). Tolerance to high Fe
concentration, for example, may represent a relevant filter shaping canga communities
in addition to other soil factors (Jacobi et al 2007). Soil temperature is another possible
factor strongly filtering communities assembled in cangas. Ferrari et al (2016) showed
greater seasonal and annual temperature variation in cangas compared to quartzitic
habitats, as well as many diurnal events of temperature > 35°C. Canga couragada is
characterized by large continuous surfaces of ironstone predominating along the
habitat, which may present even higher heating compared to canga nodular, thus
possibly filtering differently the communities’ functional structure. Also,
physiognomic variations in campo rupestre are basically related to soil depth and
drainage, with the degradation degree of the ironstone controling soil formation, in
turn, influencing vegetation (Schaefer et al 2016). Despite soil depth was not measured
in our study, soils in canga couracada are expected to be much shallower than in canga
nodular and in the quartzitic habitats, as the ironstone matrix is closer and often
reaching the surface. The canga nodular present higher ironstone degradation, and
consequently relatively more soil. Quartzitic habitats, as geologically older habitats
(Silveira et al. 2020), possibly present even more soil compared to canga habitats. All
these additional filtering effects, acting differentialy between canga habitats, may
result in the stronger distinction of plant communities’ functional structure, especially

in canga couracada.

It is important to consider the substantial differences in the physiognomic structure
among quartzitic grassland and quartzitic outcrop, despite the similarity of their
herbaceous functional communities and not very strong dissimilarity of their shrubby
functional communities (Table 4). While quartzitic grassland is markedly dominated
by herbaceous species, with a characteristic extensive graminoid layer, quartzitic
outcrop presents a more expressive shrubby stratum (Fig. 1). This is only possible to
perceive in a comparative viewpoint among the strata (herbaceous vs. shurbby) within
each habitat, while the dissimilarity significance analysis had to be done separately for
the shrubby and the herbaceous strata. The dominance proportion among the
herbaceous and shrubby strata in each habitat may influence functions related to
structural support and strata complexity (Negreiros et al 2014, Schaefer et al 2016,
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Lambers and Oliveira 2019); thus, adding functional difference between quartzitic

grassland and quatzitic outcrop, not revealed by dissimilarity analysis.

A singular role of canga in regard to fauna attractiveness was revealed. In herbaceous
vegetation, despite wind pollination predominated in all habitats, pollination by insects
was also present among the main PFTs of all habitats. However, pollination by insects
was fairly better represented in the canga, especially in canga couracada (Table 3).
Zoochory in herbaceous stratum was also better represented in canga (Table 3). In the
shrubby vegetation, all sampled species are zoophilic, and wind pollination was absent
in the main PFTs of all habitats. Zoochory, in turn, was of greater importance in canga
nodular, although absent among the main PFTs of canga couracada. These finds
demonstrates the relevance of cangas in the fauna attractiveness, contributing to the
complexity of trophic networks and provision of important ecosystem services
(Montoya et al 2012, Howe 2016, Cusser and Goodell 2013). Moreover, results stress
the relevance of the adequatelly supply of such attractiveness when implementing and
monitoring restoration (Goosem and Tucker 2012, Giannini et al 2016).

The three seed dispersal syndromes assessed were all represented in the main PFTs of
all habitats, yet with distinct importance among habitats (Table 3). In canga
couracgada, zoochory predominated in the herbaceous; while absent among the main
shrubby PFTs, in which anemochory predominates. In canga nodular, anemochory
predominated toghether with zoochory in the herbaceous; while autochory, zoochory
and anemochory had relatively similar importances in the shrubby. In quartzitic
grassland and in quartzitic outcrop, anemochory predominated in the herbaceous,
while autochory predominated in the shrubby. It is notable, then, the variability in the
importance proportion of both seed dispersal and pollination syndromes among
habitats, reinforcing the substantial role of habitat heterogeneity in maintaining whole
functioning and complexity of campo rupestre ecosystem (Negreiros et al 2014,
Shaeffer et al 2016, Neves et al 2017). Ecosystem complexity can be seen as a
biodiversity measure, that affects ecological functions, being responsible for
ecosystem stability and ecosystem services provision (Farnsworth and Fung 2012,
Gillison et al 2013). The heterogeneity encompassed within the broad term campo
rupestre is substantial for effective conservation and retoration measures (Zappi et al
2017).
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In general, within the main PFTs of shrubby vegetation of all habitats, each of the three
dispersal syndrome represented (autochoric, anemochoric, and zoochoric) comprised
species with flowering an/or fruiting in both seasons, thus supplying reproductive
resources either on wet and dry seasons. The exceptions are the zoochoryc syndrome
in canga couracada (G18 absence) and the autochoric syndrome in the other three
habitats, represented by G15. Curiously, autochoric syndrome within the main PFTs
in all habitats was combined to flowering only in the wet season. In this way, shrubby
zoophilic species with autochory only offer resources to their pollinators in the wet
season; while shrubby zoophilic species with anemochory or zoochory offer resources
to their pollinators in both seasons. This pattern was found in canga nodular, quartzitic
grassland, and quartzitic outcrop. Differently, canga couracada presented an exclusive
main PFT (G13), comprising shrubby zoophilic and autochoric species that flower in
both seasons. In this way, management and monitoring efforts in campo rupestre,
especially in the study region, should aim the provision of this three dispersal
syndromes in order to maintain this natural pattern expression of the dispersal
ecosystem process, encompassing the variability of the syndromes and ensuring

ecosystem functioning.

Still regarding the autochoric syndrome enfolded by G15, it was the only group among
the main PFTs that encompassess non-mycorrhizal species in the shrubby vegetation.
In the G15 trait combination, species (autochoryc and zoophilic with flowering only
on the wet season) can be mycorrhizal or non-mycorrhizal. All other shrubby main
PFTs are comprised by only mycorrhizal species. Interestingly, G15 in canga
couracada was represented by only one species (Lippia grata Schauer, Verbenaceae),
which is mycorrhizal. In the other habitats, G15 is represented by more than one
species, encompassing mycorrhizal and non-mychorrizal ones, whose most are
Velloziaceae. In the herbaceous vegetation, non-mycorrhizal species were found to
necessarily present sandbinding roots, and were represented by only one main PFT
(G5) and one species (Rynchospora ciliolata Boeckeler, Cyperaceae) in canga
nodular, but absent in canga couracada. This species represent high importance value
in canga nodular, in quartzitic grassland and in quartzitic outcrop. In the quartzitic
habitats, besides G15, non-mycorrhizal species compose also another group (G3),
quartzitic exclusively and represented by Cyperaceae species. All these results suggest
a pattern in which non-mycorrhizal species are better represented in quartzitic habitats.
Despite mychorrizal association is one of the most widespread strategy to deal with
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low-nutrient soils, the symbiosis has a cost to the plant and when the nutrient content
is very low the costs may outweight the benefits (Brundrett 1991). Studies in campo
rupestre have showed a variability of other plant strategies to deal with the low-
nutrient soils, such as the sand-binding roots and Vellozioid roots (Abra&o et al. 2019,
Lambers and Oliveira 2019), which may be more common when nutrient levels are
extremely low (Oliveira et al. 2015). This is in consonat with the pattern that we found
of the non-mychorrhizal species being better represented in quartzitic habitats, once
quartzitic campo rupestre is geologically older than ferruginous campo rupestre,
therefore presenting lower soil nutrient content (Silveira et al. 2020). Thus, at habitats
of extremely low-nutrient content, especially phosphorous, the benefits of
mychorrhizal symbiosis might not compensate the costs, leading to the non-
mycorrhizal species with other nutrient acquisition strategies being more able to be
assembled (Brundrett 1991, Oliveira et al. 2015).

Notwithstanding the singularities in the functional structure of each studied habitat,
the main PFTs profile provided the indentification of core traits combinations (core
PFTs). They can be seen as the minimum or fundamental functional types to be taken
into account when planning and monitoring ecological restoration in campo rupestre.
Restoration projects must aim to reintroduce, at first, species of key functional groups
(Montoya et al 2012). In this sense, for the shrubby stratum, the core combinations of
traits regard to 1) anemochory, mycorrhyzal association, and flowering in both
seasons; 2) anemochory, mycorrhyzal association, and flowering in dry season; 3)
autochory, mycorrhizal association or non-mycorrhyzal species, flowering in wet
season; and 4) zoochory, mycorrhizal association, flowering and/or fruiting in both
seasons. Each of them combined with insect pollination. In the herbaceous stratum,
the core combinations of traits regard to 1) wind pollination, zoochory, mycorrhizal
association; 2) wind pollination, anemochory, mycorrhizal association; and 3) insect
pollination, autochory, non-mycorrhizal species with sandbinding roots. Regarding
this last trait combination, specifically for the canga couragada the combination should

be: insect pollination, autochory, and mycorrhizal association.

Dominant species of each core functional type are suggested to be firstlty introduced
in a restoring planting (Montoya et al 2012), however we stress the importance of the
functional redundance when applying this knowledge to ecological restoration.
Functional equivalence between dominant and minor species provide maintainence of

ecosystem processes under changing environmental conditions (Walker 1992). The
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way each species respond to environmental changes can be very unique, even if they
belong to the same functional type. A set of species may be similar for some
combinations of traits related to some specific ecosystem functions, but different for
others, such as those related to their reactions to environmental changes (Walker 1992,
Pillar et al 2013). This is particularly important in ecological restoration, as the
progressive sequence of the system development is necessaryly accompanied by
changes of either abiotic and biotic nature. Further considering the occurrence of
possible disturbances along time, it is fundamental to build-up a potential diversity of
responsiveness, a property of functional redundancy (Pillar et al 2013). Some of the
indentified core PFTs present even an evident variability in the expression of one of
the study selected traits, among species compounding the same group (i.e.
mychorrhizal and non-mycorrhizal species, G15). In this way, it is essencial to
represent both expressions comprised by the PFT. Moreover, not diagnostic traits such
as the growth form and leaf phenology presented variation within our defined PFTs,
thus possibly affecting species response and/or effect in different ways front certain
environmental conditions. Considering this whole panorama and the substantial value
in guaranteeing at leat some degree of functional redundancy, we, then, suggest the
use of more than one species of each of the core PFTs in order to offer a potential
variability in species responsiveness to the environmental changes in the course of
restoration process. How many species of each core PFT will be enough to guarantee
the required redundancy is still an uncertain issue that must be clarified with constant
practice and monitoring of restoration plantings. However, studies has been strongly
suggesting that it is needed to strive as many species as possible (Temperton et al
2019).

Additionally, attention must be paid to the uniqueness of main PFTs represented by
only a single species, as they are strongly more sensitive to species loss (Walker 1992).
In our study, this was expressed by a few PFTs in specific habitats, and should be
considered when these specific habitats are targets for restoration. The G5 (autochoric
species, wind and insect pollinated, non-mycorrhizal, and with sandbinding roots) is
represented only by Rhynchospora ciliolata in the canga couragada. The G10
(shrubby anemochoric species, insect pollinated, mychorrhizal, with flowering only
on the wet season) is represented only by Microlicia martiana in the quartzitic
grassland, having the complementar role with G8 species in relation to flower period,
as herein discussed. Lastly, G15 (shrubby autochoric species, pollinated by insects
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and/or birds, mycorrhizal, and flowering only on the wet season) is represented only
by Lippia grata in the canga couracada. However, in this last case, canga couracada
has also the G13 (shrubby autochoric species, pollinated by insects or insects and birds,
mycorrhizal, with flowering on both seasons), which is represented by a few more
species. Nevertheless, we need to have in mind that in other campo rupestre areas,
these same groups may be represented by more than one species, what is a field for

further investigation.
Conclusions

Our multi-trait approach provided valuable information to improve the understanding
of functional patterns in campo rupestre ecosystem, in regard to its habitat
heterogeneity. Different habitats, and especially different substrate types (quartzitic
and ferruginous), showed distinct functional communities. The role of edaphic factors
in driving functional structure of plant communities was stressed, as well as the
importance of the habitat heterogeneity to compose the whole functional structure of
the campo rupestre ecosystem. The profiles of main PFTs identified not only
singularities of each habitat, but also core PFTs, pointing basic combinations of traits

that can guide management practices.

The PFT system here developed and its derived information does not represent the
issue endpoint, but, instead, one step towards the comprehension of the functional
structure in campo rupestre ecosystem with a multi-trait approach of species life-
histories, adressed to ecosystem restoration. This approach can be easily replicated to
a variety of campo rupestre areas, encompassing a variety of habitats, through already
reported data, available in the scientific literature. This replication may bring an
improved level in the understanding of functional patterns of the campo rupestre
ecosystem. This approach application is feasible to any other kind of ecosystem, when
seeking to classify functional typologies in order to better understand ecological
patterns. Finally, but not the lesser, we still need further knowledge on plant species
natural history to better understand community assembly and provide solid and long

lasting conservation and restoration programs.
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Capitulo 3

Discusséo geral

Traduzindo o conhecimento gerado em implicacBes préaticas
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A presente tese forneceu contribuicGes para o conhecimento da ecologia do campo
rupestre, com aplicacdes em sua conservacao e manejo, a partir do estudo de padrdes
em &reas naturais do escossistema, focando em aspectos edaficos e vegetacionais. A
interacdo entre os componentes abaixo e acima do solo no campo rupestre é bastante
estreita, frente a grande heterogeneidade de substratos caracteristica desse
ecossistema, influenciando fortemente as comunidades vegetais ali estabelecidas
(Jacobi et al. 2007; Fernandes 2016; Abrado et al. 2019; Fernandes et al. 2020). Os resultados
aqui gerados reforcam a forte ligacdo solo-vegetacdo no campo rupestre, 1)
apresentando a glomalina como mais um fator do solo com relevancia e associado a
heterogeneidade do ecossistema; e 2) demonstrando dissimilaridade na estrutura
funcional das comunidades vegetais estabelecidas em areas de diferentes substratos
(ferruginoso e quartzitico) e em areas de diferentes habitats de campo rupestre, com
os fatores do solo apresentando consideravel explicacdo nas estruturas funcionais.
Ainda, os resultados destacam a importancia da heterogeneidade intrinseca do
ecossistema do campo rupestre na manutencdo da sua paisagem, funcionalidade e
biodiversidade, assegurando, assim, a provisdo de servigos ecossisttmicos como
polinizagdo, dispersdo de sementres, manutengdo e estruturacdo das redes troficas, e

estoque de carbono no solo, entre outros (Rosenfield & Muller 2020).
Recaptulando

Registramos que os fungos micorrizicos arbusculares (FMA), por meio da glomalina,
possuem um papel relevante na heterogeneidade do campo rupestre. O padréo da
glomalina, como um produto dos FMA no solo, refletiu a heterogeneidade da
vegetacdo no campo rupestre, mostrando a importancia da ligacao solo-planta e seus
feedbacks na construgéo da heterogeneidade ambiental, envolvendo comunidade de
microorganismos do solo, fatores fisicos e quimicos do solo, e a comunidade de plantas
estabelecidas. A distribuicdo da glomalina nos solos estudados apresentou grande
variabilidade na escala das parcelas (100m?). A glomalina é tecnicamente denominada
proteina do solo relacionada a glomalina (GRSP, do inglés Glomalin Related Soil
Protein), porém serd aqui referida como glomalina para simplificar a linguagem
escrita. A glomalina associou-se a fatores fisicos (densidade de particulas, contetdos
de argila e areia fina) e quimicos do solo (P, Zn, Mn, Mg, Ca, Fe, carbono organico), assim
como a estrutura e composicao das comunidades vegetais nas areas de campo rupestre
investigadas. O conteudo de glomalina se mostrou muito diferente entre os solos de

diferentes tipos de substrato, sendo maior, em mais de duas vezes, no substrato
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ferruginoso em relacdo ao substrato quartzitico. Além disso, foi estimada uma
contribuicdo de 20% da glomalina total para o estoque de carbono nos solos de campo
rupestre. Portanto, os FMA possuem um importante papel estrutural no ecossistema,
por meio dessa glicoproteina liberada no solo com a renovacao das hifas fungicas. Ao
mesmo tempo, a presenca e abundancia de espécies vegetais que ndo fazem associacao
micorrizica contribuem para a variabilidade no conteudo de glomalina nos solos de
campo rupestre, considerando a escala das parcelas estudadas (100 m?). Da mesma
forma, espécies que fazem associacdo micorrizica, mas que possuem também um outro
tipo de estratégia de aquisicdo de recursos (ex. raizes sandbinding), se revelaram
moldar a distribuicdo da glomalina no ecossistema. Essas espécies podem ser
consideradas como menos dependentes da associagdo micorrizica e, portanto, menos
carbono deve ser alocado para os fungos, o que, por sua vez, levard a uma menor
producdo e liberacdo de glomalina no solo (Treseder and Allen 2000, Zobel and Opik
2014). Assim, é gerada uma distribuicdo assimétrica da glomalina nos solos, entre e
dentro dos tipos de substrato (ferruginoso e quartzitico), influenciando sua estrutura.
Adicionalmente, a glomalina apresentou-se também como um dos fatores edaficos
relacionados a estrutura funcional das comunidades herbaceas nos diferentes habitats

de campo rupestre (Capitulo 2).

Registramos, também, que as comunidades vegetais de diferentes habitats de campo
rupestre (canga couracada, canga nodular, campo quartzitico e afloramento
quartzitico) apresentaram estruturas funcionais distintas, com uma grande explicacdo
exercida por fatores edaficos de natureza quimica e fisica. A estrutura funcional das
comunidades vegetais também foram diferentes comparando-se as comunidades
estabelecidas sobre substrato quartzitico com as comunidades estabelecidas sobre
substrato ferruginoso (ou canga). Essa estrutura funcional se refere a um conjunto de
atributos de histdria de vida das espécies vegetais amostradas nas areas de estudo.
Esses atributos foram selecionados com base na sua relevancia para a restauracao
ecologica, assim como na facilidade e simplicidade na obtencéo dos dados, para que a
abordagem possa ser facilmente replicada por gestores e profissionais da restauracéo.
A partir da compilagdo de 10 atributos selecionados (Tabela 1 — Capitulo 2), foi
desenvolvido um sistema de classificagéo de tipos funcionais de plantas (PFT, de Plant
Functional Type, em inglés), onde 20 grupos foram definidos (Tabela 2 — Capitulo 2).
Os atributos diagnosticos dos PFTs definidos foram: sindromes de polinizacdo e de
dispersdo de sementes, estratégia de aquisicdo de recursos, fenologias de flor e fruto,
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e, para poucos grupos, tamanho da semente. Com o sistema de PFTs foi possivel
formar perfis funcionais para cada tipo de habitat. A partir dos perfis funcionais, foram
apontados os PFTs principais para cada habitat (Tabela 3 — Capitulo 2), cada qual com
suas singularidades. Determinadas combinacBes de atributos, porém, puderam ser
identificadas como tipos funcionais centrais (core PFTSs), ocorrendo em todos ou quase
todos os habitats, os quais podem ser considerados como grupos basicos a serem

representados no inicio de um projeto de restauracdo, por exemplo.
ImplicacGes para fins de Conservacéo e Manejo

O desenvolvimento da restauracéo ecoldgica como uma ciéncia aplicada, assim como
acOes de manejo e conservacao eficientes, requer a traducdo do conhecimento gerado
nos estudos de ecossistemas naturais em implicacdes praticas que orientem gestores e
profissionais da restauracdo (Halle and Fattorini 2004). A partir dos resultados da
presente tese, foi possivel apontar implicagfes préaticas para fins de conservacao e
manejo do campo rupestre. Um total de 16 implicacOes puderam ser tracadas e séo

descritas abaixo.

1) A primeira grande implicacdo se refere as diferengas marcantes existentes entre
campo rupestre ferruginoso (ou canga) e campo rupestre quartzitico, sendo elas tanto
de natureza edafica quanto vegetacional (veja também Fernandes et al 2020). Os solos
de canga se mostraram diferentes dos solos de campo rupestre quartzitico em relacéo
a aspectos fisicos (contetdos de argila, areia grossa, areia fina e silte), contetdo de
nutrientes, carbono organico e teores de glomalina. A grande diferenca no contetdo
de glomalina entre os solos de campos rupestres quartzitico e ferruginoso revela uma
potencial e relevante distingdo na estruturacdo desses solos, uma vez que a glomalina
interfere fortemente na agregacdo de particulas do solo, sendo, ainda, altamente
recalcitrante e ligada a argila, Fe e carbono organico (Wright & Upadhyaya 1998; Rillig
2004; Treseder & Turner 2007). De acordo com os resultados, os solos de canga parecem
contribuir mais para o armazenamento de carbono por meio da glomalina.
Considerando, ainda, o carbono armazenado no solo pela presenca e crescimento dos
fungos micorrizicos, o potencial de estocagem de carbono nos solos de canga € ainda
maior. Além dos solos, também as comunidades de plantas estabelecidas em areas de
canga se mostraram distintas das estabelecidas em campo rupestre quartzitico. Isso foi
identificado tanto em relacdo a composicdo e estrutura taxondmica das especies,

quanto em relacdo a estrutura funcional em uma abordagem de multiplos atributos.
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Dessa forma, a conservacao e a restauracdo de areas de campo rupestre ferruginoso e
quartzitico representam marcada distingdo funcional edéafica e vegetacional. Em uma
escala de paisagem, ambos sdo imprescindiveis para manter a identidade e a
biodiversidade compreendida pelo complexo rupestre e sua natureza heterogénea,
assegurando, assim, a provisdao dos servicos ecossistémicos intrinsecos a essa

heterogeneidade.

2) A grande variabilidade nos teores de glomalina ao longo das parcelas como um
todo, juntamente com a influéncia da abundancia de espécies vegetais menos ou nao
dependentes dos FMA no conteudo de glomalina, apontam uma contribuicao exercida
pelos FMA na heterogeneidade edafica do campo rupestre, por meio da glomalina.
Assim, a presenca de espécies ndo micorrizicas e de espécies micorrizicas (possuindo
ou ndo outra estratégia de aquisi¢cdo de recursos) contribuem em conjunto para a
heterogeneidade do ecossistema. Isso deve ser levado em consideracdo ao selecionar
espécies para projetos de restauragdo ecoldgica, buscando representar essa
variabilidade. Pode-se, também, considerar a variabilidade no teor de glomalina na
escala das parcelas (100m?) como um estado a ser alcangado e monitorado durante um
processo de restauracdo. Para tal seria ideal desenvolver mais estudos que avaliem os
teores de glomalina no solo em outras areas de campo rupestre para complementar 0s
resultados do presente estudo e estabelecer de forma mais consistente os niveis gerais
da glomalina no ecossistema e toméa-los como referéncia em praticas de
monitoramento de solo no ecossistema do campo rupestre. A glomalina ¢é
reconhecidamente um indicador de qualidade de solo, especialmente no que se refere
a estruturacdo do mesmo e armazenamento de carbono (Rillig et al. 2003; Fokom et al.
2012). No presente estudo (Capitulo 1), a glomalina se mostrou como um potencial
indicador da heterogeneidade do ecossistema do campo rupestre. Soma-se a isso, 0
relativo baixo custo e facilidade de sua mensuragdo (Purin & Rillig 2007). Nesse
sentido, pode-se sugerir a utilizagdo da glomalina como um dos indicadores de
monitoramento e avaliacdo no campo rupestre, tendo como referéncia sua grande
variabilidade no ambiente, na escala das parcelas. Outrossim, estudos que avaliem a
glomalina em outras areas de campo rupestre, assim como estudos que avaliem a
glomalina juntamente com a comunidade de fungos micorrizicos permitirdo esclarecer

padrdes que orientem sua utilizacdo como um indicador.

A avaliacdo da comunidade de microorganismos, incluindo os FMA, por meio de

técnicas moleculares, dos solos das parcelas estudadas encontra-se em andamento.
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Foram realizadas extracbes de DNA das amostradas de solo de cada parcela do
presente estudo para caracterizagdo da comunidade de FMA e outros
microorganismos. As amostras encontram-se em fase de sequenciamento. Com isso

sera possivel complementar os achados aqui apresentados.

3) O sistema de classificacdo dos tipos funcionais de plantas (PFT) apontou, de uma
forma geral, as sindromes de polinizacdo e de dispersdo de sementes, as estratégias de
aquisicdo de recursos, e as fenologias de flor e de fruto de acordo com as esta¢oes
(chuvosa e seca) como os atributos mais importantes (diagndsticos) na defini¢do dos
grupos ou tipos funcionais. O tamanho das sementes foi um atributo importante na
definicdo de poucos grupos. A maioria das espécies de campo rupestre amostradas
possuem sementes consideradas como micro (menor ou igual a 1mm) ou pequenas (1
a 10mm), com muito poucas espécies apresentando sementes médias (10 a 40mm). As
fenologias de flor e fruto ndo foram muito relevantes na defini¢do dos grupos dentro
da vegetacdo herbacea, mas foram fundamentais na definicéo dos grupos da vegetacao
arbustiva. Os atributos diagnosticos na definicdo dos grupos podem ser vistos como
de importancia fundamental no planejamento de uma restauracédo. Porém, é preciso ter
em mente que em outros sistemas, em outras areas de campo rupestre, os atributos
diagndsticos podem ser outros. Nesse sentido, a replicacdo da presente abordagem de
formulacdo de um sistema de PFT para outras areas ou habitats de campo rupestre

enriqueceria muito o conhecimento adquirido.

4) A maior parte das espécies amostradas no presente estudo possuem capacidade de
rebrota. Por isso esse atributo ndo foi chave para definigdo dos grupos do sistema de
PFT. Todavia, isso mostra a adaptacdo que as espécies nativas de campo rupestre
possuem as condigdes ambientais extremas com as quais evoluiram e/ou pelas quais
foram selecionadas ao longo da evolugédo (Fernandes 2016; Silveira et al 2016). A
capacidade de rebrota esta relacionada a habilidade dessas espécies lidarem com o
estresse hidrico, assim como com o disturbio do fogo (Clarke et al 2012; Fernandes et
al 2016). Apesar de ndo ter se apresentado como um atributo diagnostico na definicdo
dos grupos, destacamos a importancia da capacidade de rebrota como um atributo a
ser considerado na construcdo de sistemas de PFT similares ao aqui desenvolvido,

sendo também um atributo fundamental para fins de restauracao ecologica.

5) As comunidades vegetais estabelecidas em diferentes habitats de campo rupestre se

diferiram em relacdo a sua estrutura funcional, baseada especialmente nos atributos
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diagnosticos (sindromes de polinizacao e dipersdo de sementes, estratégia de aquisicdo
de recursos, fenologias reprodutivas e tamanho de semente). Pode-se, assim,
considerar que hd uma contribui¢do distinta de cada habitat no que se refere a
funcionalidade do ecossistema, reforcando a importancia da heterogeneidade de
habitats no campo rupestre para manutencdo de fungdes de relevancia para o processo
da restauracdo ecoldgica. Isso possui implicacdes diretas, também, nas acdes de
conservacao do ecossistema, que precisa levar em conta a heterogeneidade de habitats
para garantir a conservagdo da biodiversidade e a funcionalidade do complexo rupestre
como um todo e, dessa forma, prover os servicos ecossistémicos (Negreiros et al 2014,
Schaefer et al 2016, Neves et al 2017).

6) As dissimilaridades de estrutura funcional encontradas nas comunidades vegetais
estudadas foram substancialmente influenciadas por fatores do solo, assim como as
dissimilaridades da estrutura e composicdo taxonémica. Oito fatores do solo se
mostraram relacionados a ambas dissimilaridades (funcional e taxondmica), tanto para
0 estrato herbaceo como para o arbustivo: P, Fe, Ca, K, Mn, Zn, carbono orgéanico e
porcentagem de areia fina. Além desses, a porcentagem de argila e o teor de glomalina
total também se destacam por influenciar as dissimilaridades da estrutura funcional no
estrato herbaceo, além das dissimilaridades de estrutura taxonémica nos estratos
herbaceos e arbustivo. Esses fatores edaficos podem ser, assim, considerados

relevantes em avalia¢es e monitoramentos desenvolvidos no ecossistema.

7) O PFT G4 — espécies herbaceas, polinizadas por vento, zoocoricas e micorrizicas —
se mostrou associado a maiores teores de glomalina total. Esse grupo apresentou maior
valor de importéncia nas cangas. Como visto no Capitulo 1, o conteddo de glomalina
total foi significativamente maior nas cangas do que no substrato quartzitico,
reforcando a ligacdo desse grupo funcional ao substrato ferruginoso e a associagao
micorrizica. As espécies Andropogon bicornis, Tachypogon spicatus e Panicum
sellowii, que compdem o G4 nas cangas do presente estudo, podem, assim, ser

consideradas espécies associadas a maiores teores de glomalina total no solo.

8) O PFT G9 — espécies arbustivas, polinizadas por insetos, anemocdricas,
micorrizicas, que florescem em ambas estacfes — se mostrou associado a maiores
teores de Fe, P e areia grossa, assim como as parcelas do habitat canga couracada. As
especies Lychnophora pinaster, Baccharis pingraea, Baccharis reticularia,

Diplusodon microphyllus, Lepidaploa rufogrisea, Cyrtocymura scorpioides e
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Ageratum fastigiatum, que compdem o G9 na canga couragada amostrada no presente
estudo, podem, assim, ser consideradas espéecies associadas a maiores teores de Fe, P
e areia grossa. Destacam-se, nesse sentido, as trés primeiras espécies citadas (L.
pinaster, B. pingraea e B. reticularia), por terem apresentado maior valor de

importancia na canga couragada.

9) O PFT G3 - espécies herbéceas, polinizadas por vento, anemocoricas, nao
micorrizicas e com raizes ‘sandbinding’ — se mostrou associado a baixos teores de
argila, Fe, P, K e SOC, assim como ao substrato quartzitico (PFT exclusivo dos
habitats quatziticos). As espécies Bulbostylis paradoxa, Lagenocarpus rigidus e
Rhynchospora holoschoenoides, que compdem o G3 nas areas amostradas pelo
presente estudo, podem, assim, ser consideradas espécies associadas a baixos teores

de argila, Fe, P, K e carbono organico no solo.

10) O PFT G15 — espécies arbustivas, polinizadas por insetos ou por insetos e aves,
autocoricas, que florescem s6 na estagdo chuvosa, sendo micorrizicas ou ndo — se
mostrou associado a baixos teores de K e a valores mais altos de pH (dentro, porém,
do intervalo de 4,09 a 5,37 correspondente a variacdo encontrada ao longo de todas as
parcelas amostrais). As espécies Lippia grata, Vellozia variabilis, Vellozia intermedia,
Vellozia caruncularis, Vellozia compacta e Spigelia sellowiana compdem o G15 nas
areas amostradas pelo presente estudo e podem, assim, ser consideradas espécies
associadas a baixos teores de K e a valores mais altos de pH, este dentro do espectro

de variacdo encontrado (4,09 a 5,37).

11) A estrutura funcional das comunidades vegetais do campo quartzitico e do
afloramento quartzitico foram mais semelhantes entre si do que quando se compara
estes habitats com as cangas nodular e couragada, e quando se compara as cangas entre
si. Porém ha de se levar em consideracdo a estrutura fisionémica constituida pela
proporcao entre o estrato herbaceo e o estrato arbustivo, dentro de cada um dos
habitats. Nesse sentido, a propor¢cdo de herbaceas ¢ maior no campo quartzitico
comparado aos outros habitats. Isso traz implicacGes funcionais relacionadas a
complexidade dos estratos, ao suporte estrutural, a profundidade dos sistemas de raizes
e consequente uso de agua e recursos no solo, além da capacidade de retengao do solo
(Fernandes et al 2016; Lambers and Oliveira 2019).

12) As cangas apresentaram uma contribuicdo singular a atratividade da fauna,
destacando a relevancia desses habitats na manutencéo das redes troficas, fornecedoras
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de importantes servicos ecossistémicos (polinizacdo, controle de pragas, disperséo de
sementes) (Goosem and Tucker 2012, Montoya et al 2012, Cusser and Goodell 2013,
Howe 2016).

13) As 3 sindromes de dispersdo se mostraram representadas em todos os habitats e,
de uma forma geral, em ambos os estratos (herbaceo e arbustivo) por meio dos perfis
funcionais formulados e dos principais PFTs identificados para cada habitat. A
excecado € a zoocoria, ausente na canga couragada no estrato arbustivo, porém com alto
valor de importancia no estrato herbaceo. Esse padrao pode servir como referéncia na
implementacao de projetos de restauracdo ecologica no campo rupestre, de forma que
as trés sindromes sejam contempladas ao se planejar os plantios. Da mesma forma,
esse padrdo pode servir como um guia durante 0 monitoramento do processo de
restauracdo, para planejamento e determinacdo de esforcos de enriquecimento das
areas (plantios adicionais). Esse padrdo também pode servir como um guia para

monitoramento de areas de conservacao do ecossistema.

14) De uma forma geral, o conjunto dos principais PFTs em cada habitat demonstrou
envolver a diponibilidade de recursos reprodutivos (flores e/ou frutos) em ambas as
estacOes, permitindo atrair fauna polinizadora e dispersora de sementes nas estagoes
seca e chuvosa. Esse é um padrdo importante na perspectiva da restauracéo ecoldgica,
que deve, assim, almejar essa disponibilidade de recursos reprodutivos ao longo de
ambas estacdes, na etapa de selecdo das espécies para se iniciar um projeto de
restauracdo, assim como durante 0 monitoramento do mesmo. Esse padrdo também
pode servir como um guia para monitoramento de &reas de conservacdo do

ecossistema.

15) Tipos funcionais de plantas formado por espécies ndo-micorrizicas se mostraram
melhor representados nos habitats quartziticos. Ainda, no estrato herbaceo, as espécies
ndo-micorrizicas apresentaram necessariamente raizes ‘sandbinding’. De uma forma
geral, isso pode sugerir uma menor dependéncia das espécies a associacles
micorrizicas nos habitats quartziticos, geologicamente mais antigos e onde os teores
de nutrientes sdo ainda menores. Ali o custo-beneficio das associacbes micorrizicas
pode ndo valer a pena e o desenvolvimento de outras estratégias de aquisicdo de
recursos (como as raizes ‘sandbinding’) seria, assim, mais efetivo para as plantas.
Os maiores teores de glomalina encontrados nos habitats de canga corroboram esse

padrdo. Nos habitats de canga, a disponiblidade de nutrientes € maior, embora estejam
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pontencialmente sob outras condi¢cdes ambientais extremas, como solos mais rasos,
temperaturas diarias mais altas, e amplitudes maiores de temperatura sazonal e
anualmente (Ferrari et al. 2016, Schaefer et al 2016). As micorrizas podem contribuir
de alguma forma na maneira como as espécies lidam com essas condic@es. J& é sabido,
por exemplo, que os FMA possuem papel também na protecdo das lantas contra
patogenos (Lambers & Oliveira 2019). Contudo, isso é um campo para investigacoes
mais detalhadas que podem elucidar melhor o padrdo e as interacfes envolvidas nos

diferentes habitats/substratos do campo rupestre.

16) Combinacdes centrais de atributos (core PFTs) foram identificadas a partir dos
perfis funcionais das comunidades vegetais, pondedo ser consideradas como
combinacBes bésicas ou fundamentais a serem representadas em projetos de

restauracao ecoldgica no campo rupestre, sendo elas:

a) porte arbustivo, polinizagdo por insetos, anemocoria, associagdo micorrizica

e floragdo em ambas estagoes;

b) porte arbustivo, polinizacdo por insetos, anemocoria, associa¢do micorrizica

e floracdo na estacdo seca;

c) porte arbustivo, polinizacdo por insetos, autocoria, associacdo ou ndo com

micorrizas, floracdo na estacdo chuvosa;

d) porte arbustivo, polinizacao por insetos, zoocoria, associacdo micorrizica,

floracdo e frutificagcdo em ambas estaces;
e) porte herbaceo, polinizagdo por vento, zoocoria e associagcao micorrizica;
f) porte herbaceo, polinizagéo por vento, anemocoria e associagao micorrizica;

g) porte herbéaceo, polinizagdo por inseto, autocoria, sem associagao

micorrizica e com raizes ‘sandbinding’.

Para a combinacdo de atributos especificada no item ¢ acima, é imprescindivel que
tanto espécies ndo-micorrizicas quanto espécies micorrizicas sejam contempladas. Ha
gue se considerar a importancia de proporcionar uma redundancia funcional dentro de
cada combinacdo central descrita (Walker 1992, Pillar et al 2013), conforme discutido
no Capitulo 2. Dessa forma, serd contemplada uma variabilidade potencial de
responsividade das espécies dentro de cada grupo a ser representando, garantindo
maior estabilidade e resiliéncia do ecossistema em restauracdo frente a potenciais
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distdrbios e mudancas ambientais ao longo do tempo, assim como as mudancas

inerentes do processo de restauracdo em si (Temperton et al 2019).
Selecdo de espécies para restauracdo ecolégica em campo rupestre

Nesta secdo é apresentada uma sugestdo de abordagem para selecionar espécies
iniciais a serem utilizadas na restauragdo ecoldgica de areas de campo rupestre,
considerando a canga e 0 campo rupestre quartzitico separadamente. A abordagem
também pode ser utilizada como referéncia no monitoramento de areas em restauracao
e em acdes de enriquecimento dessas areas. Essa abordagem foi estruturada a partir

dos perfis funcionais formulados com o sistema de PFTs desenvolvido no Capitulo 2.

A estrutura da abordagem para selecdo das espécies aqui sugerida se da sobre trés

componentes principais:

1) as combinacGes centrais de atributos (core PFTS);

2) combinacdes especificas de atributos ou tipos funcionais de identidade;
3) espécies ameacadas e de interesse.

O primeiro componente se refere as combinagbes centrais de atributos,
correspondentes aos tipos funcionais centrais identificados no Capitulo 2, como
descrito na secdo 3.2. O segundo componente se refere a tipos funcionais especificos
as cangas ou aos habitats quartziticos, adicionando, assim, maior identidade aos
respectivos tipos de campo rupestre. O terceiro componente se refere a espécies nativas
do campo rupestre com algum grau de ameaca de extingdo e a espécies nativas pelas
quais exista algum tipo de interesse especifico, podendo ser de origem econdmica ou
néo, dependendo dos objetivos do projeto de restauragdo. Recomenda-se que todos 0s
trés componentes e seus respectivos subcomponentes (tipos funcionais ou PFTs) sejam

representados.

O Quadro 1 sintetiza a estruturacdo acima descrita. As espécies listadas para cada tipo
funcional correspondem as espécies amostradas no presente estudo. Portanto, em
primeira instancia, a aplicacdo da presente sugestdo com utilizacdo das espécies aqui
listadas deve ser direcionada para areas a serem restauradas na regido da Serra da
Calcada, por¢do sul da Cadeia do Espinhaco, Quadrilatero Ferrifro, Minas Gerais,
onde o presente estudo foi realizado. Ha, nessa regido, muitas areas degradadas e,

portanto, as espécies aqui sugeridas podem servir como referéncia para que essas areas
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possam ser devida e ecologicamente restauradas, buscando reverter a perda de
biodiversidade e servicos ecossistémicos desencadeados pela degradacdo. Ha intensa
atividade mineraria no entorno da Serra da Calcada e sugerimos que as empresas
responsaveis facam uso do conhecimento aqui discriminado para o plenejamento,
implementacdo e monitoramentos da restauracdo das areas afetadas por essas
atividades. Para outras regides, embora a presente abordagem também seja sugerida,
o ideal é que areas localizadas nas respectivas regides sejam utilizadas como referéncia

para determinacdo da lista de espécies para cada tipo funcional.

No Quadro 1, a seguir, também sdo apresentadas sugestfes de abundancia dos tipos
funcionais e das espécies, por hectare. Essas abundancias foram baseadas nos dados
fitossocioldgicos das areas de estudo da presente pesquisa, da seguinte forma: para a
abundancia média total recomendada para cada tipo funcional, em cada tipo de campo
rupestre (canga ou quartzitico), considerou-se a soma da densidade de cada espécie
componente de determinado tipo funcional em cada habitat, em seguida calculou-se a
média dos habitats de canga e a média dos habitats quartziticos. Para a abundéncia
minima recomendada por espécie, calculou-se a densidade média entre as espécies que
compdem determinado tipo funcional em cada habitat, em seguida fez-se a média dos
habitats de canga e a média dos habitats quartziticos. Para os tipos funcionais de
vegetacao herbacea, a densidade considerada foi a cobertura (m?) de cada espécie por
hectare, enquanto para a vegetacdo arbustiva a densidade considerada foi o nimero de

individuos de cada espécie por hectare.

117



Quadro 1. Abordagem estruturada para selecdo de espécies para restauracdo ecologica de campo rupestre quartzitico e de campo

rupestre ferruginoso (canga), com base na combinacdo de atributos de hitéria de vida das espécies amostradas em areas referéncia,

conforme sistema de tipos funcionais de plantas (PFT) desenvolvido no Capitulo 2. Em negrito, espécies polinizadas por insetos e por

aves. No PFT G15, espécies indicadas por (M) fazem associacdo micorrizica, enquanto as outras néo.

Canga Quartzito
Descricdo resumida Espécies Abundancia Espécies Abundéancia
PFTs centrais
cobertura Axonopus marginatus, Axonopus f:()_bertura
o . . : média total do
, . média total do siccus, Echinolaena inflexa, .
Herbaceas, polinizadas ) o . PFT: 104
PFT: 40 m?/ha; Paspalum erianthum, Paspalum T
pelo vento, . . : m?/ha;
G2 L Axonopus siccus, Echinolaena cobertura polyphyllum, Paspalum lineare,
anemocaoricas, - L . ; cobertura
N inflexa, Paspalum polyphyllum,  minima por  Trichanthecium cyanescens, P
micorrizicas. . L - minima por
Paspalum brachytrichum espécie: 13 Aulonemia effusa, Mesosetum o
2 .. especie: 15
m¢/ha loliiforme 2
m¢/ha
cobertura
cobertura g
v média total do
média total do PET: 85
Herbaceas, polinizadas Andropogon bicornis, PFT: 87 m?/ha; . Py
-~ : Apochloa euprepes, Panicum m¢/ha;
G4 pelo vento, zoocdricas, Trachypogon spicatus, cobertura " .
L : . P sellowii, Trachypogon spicatus cobertura
micorrizicas. Panicum sellowii minima por L
L minima por
espécie: 44 o
m2/ha espécie: 39
m?/ha
cobertura
Herbaceas, polinizadas cobertura média total do
pelo vento e por média total do PFT: 53
insetos, autocdricas ou PFT: 33 m?/ha; Rhvichospora ciliolata. Xvris m?/ha;
G5 autocdricas e Rhynchospora ciliolata cobertura el}:a rinap yAY cobertura
anemocoricas, nao- minima por pereg minima por
micorrizicas, com espécie: 33 espécie: 26
raizes ‘sandbinding'. m?/ha m?/ha
densidade densidade
Arbustivas, polinizadas média total do média total do
por insetos, Peixotoa tomentosa, PFT: 1410  Actinocephalus bongardii, PFT: 1195
anemocoricas, Eremanthus glomerulatus, individuos/ha; Peixotoa tomentosa, Eremanthus individuos/ha;
G8 : . - ; .
micorrizicas, com Eremanthus incanus, Chresta densidade incanus, Trembleya laniflora, densidade
floracdo somente na sphaerocephala minima por  Calea fruticosa minima por
estagdo seca. espécie: 365 espécie: 262

Arbustivas, polinizadas
por insetos,
anemocaricas,
micorrizicas, com
floragéo em ambas
estacoes.

G9

Lychnophora pinaster,
Baccharis pingraea, Baccharis
reticularia, Diplusodon
microphyllus, Lepidaploa
rufogrisea, Cyrtocymura
scorpioides, Banisteriopsis
malifolia, Chromolaena
barbacensis, Aspilia foliosa,
Dasyphyllum sprengelianum,
Hololepis pedunculata

individuos/ha

densidade
média total do
PFT: 4615
individuos/ha;
densidade
minima por
espécie: 593
individuos/ha

Chromolaena barbacensis,
Lippia lupulina, Banisteriopsis
malifolia, Senecio pohlii,
Dasyphyllum sprengelianum,
Baccharis reticularia, Aspilia
foliacea, Aspilia foliosa,
Trichogonia hirtiflora
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individuos/ha

densidade
média total do
PFT: 715
individuos/ha;
densidade
minima por
espécie: 92
individuos/ha



G15

G18

Arbustivas, polinizadas
por insetos e/ou aves,
autocoricas, sementes
pequenas, com floracdo
somente na estacdo
chuvosa, micorrizicas

ou nao.

Arbustivas, polinizadas
por insetos, zoocoricas,
micorrizicas, com

floracédo e/ou

frutificacdo em ambas

estacoes.

PFTs especificos

G6

G13

G16

G3

Herbaceas, polinizadas

por insetos,
autocoricas,

micorrizicas, com
floragéo em ambas

estacoes.

Arbustivas, polinizadas
por insetos ou por

insetos e aves,
autocéricas ou
autocéricas e

anemocoricas,

micorrizicas, com
floragéo em ambas

estacoes.

Arbustivas, polinizadas
por insetos ou por

insetos e aves,
zoocoricas,

micorrizicas, com
floracdo e frutificacdo
somente na estagao

chuvosa.

Herbéceas, polinizadas

pelo vento,

anemocoricas, nao-
micorrizicas, com
raizes 'sandbinding'.

Lippia grata (M), Vellozia
variabilis, Vellozia intermedia
(M), Vellozia caruncularis (M)

Miconia theaezans, Miconia
pepericarpa, Leandra aurea,
Byrsonima sericea, Byrsonima
variabilis, Monteverdia
gonoclada, Cordiera rigida,
Psidium salutare, Lychnophora
syncephala, Lantana camara,
Ocotea tristis, Myrcia retorta,
Myrcia obovata, Eugenia
punicifolia, llex nummularia,
Guapira obtusata

Sisyrinchium vaginatum,
Vellozia graminea

Pleroma heteromallum,
Stachytarpheta glabra,
Microstachys corniculata,
Eriope macrostachya

Myrsine lancifolia,
Symphyopappus brasiliensis,
Solanum isodynamum, Lantana
lundiana, Psychotria
velloziana

densidade
média total do
PFT: 3190
individuos/ha;
densidade
minima por
espécie: 1439
individuos/ha

densidade
média total do
PFT: 930
individuos/ha;
densidade
minima por
espécie: 81
individuos/ha

cobertura
média total do
PFT: 3 m%ha;
cobertura
minima por
espécie: 1,4
m?/ha

densidade
média total do
PFT: 1395
individuos/ha;
densidade
minima por
espécie: 434
individuos/ha

densidade
média total do
PFT: 3755
individuos/ha;
densidade
minima por
espécie: 798
individuos/ha

Lippia grata (M), Vellozia
caruncularis (M), Vellozia
compacta, Spigelia sellowiana
(M)

Byrsonima subterranea,
Solanum subumbellatum,
Leandra aurea, Miconia
theaezans, Miconia pepericarpa,
Myrcia retorta, Smilax
oblongifolia, Ilex nummularia,
Erytroxilum suberosum

Bulbostylis paradoxa,
Lagenocarpus rigidus,
Rhynchospora holoschoenoides
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densidade
média total do
PFT: 2785
individuos/ha;
densidade
minima por
espécie: 814
individuos/ha

densidade
média total do
PFT: 1020
individuos/ha;
densidade
minima por
espécie: 162
individuos/ha

cobertura
média total do
PFT: 144
m?/ha;
cobertura
minima por
espécie: 48
m?/ha



Arbustivas, polinizadas Microlicia martiana,

por insetos, Chromolaena squalida,
anemocoricas, Pterocaulon alopecurioides
micorrizicas, floracao
somente na estacdo
chuvosa.

G10

Espécies adicionais

Espécies ameacadas de
extingdo e espécies de
interesse.

Ex: espécies ameacadas de
extingdo

Ex: espécies ameacadas de
extingdo

A respeito do G15, conforme ja discutido anteriormente, espécies ndo-micorrizicas e
espécies micorrizicas devem ser simultaneamente utilizadas, visto a importancia de
ambas para a heterogeneidade do ecossistema, assim como para proporcionar
redundéancia funcional. As espécies micorrizicas do G15 estdo demarcadas com “(M)”
no quadro. Em negrito, estdo as espéecies que, além de serem polinizadas por insetos,
sdo polinizadas também por aves, sendo, assim, de relevancia ainda maior para

atratividade da fauna e, portanto, devendo ser priorizadas sempre que possivel.

E importante ressaltar que as espécie Actinocephalus bongardii, Vellozia intermedia,
Vellozia variabilis, Vellozia compacta e Vellozia caruncularis, apresentadas no
quadro, foram consideradas como arbustivas mesmo nao sendo espécies lenhosas. Elas
foram assim consideradas por possuirem porte arbustivo, sendo essa a distincdo

realizada na separacdo herbaceo/arbustivo da amostragem das espécies.

Amplamente utilizado na restauragdo ecoldgica, 0 método ‘framework species’ se
baseia em estabelecer, em um mesmo plantio, determinada mistura de 30 a 40 espécies,
as quais vao agir como blocos construtores do ecossistema. Embora desenvolvido e
aplicado primariamente em restauracdo de ambientes florestais, 0 método tem como
objetivo oferecer as condi¢bes para acelerar a regeneracdo natural em favor do
desenvolvimento de um ecossistema diverso, resiliente e auto-sustentavel (Goosem
and Tucker 2012). Dentro da abordagem de selecdo de espécies aqui proposta, pode
ser interessante testar a aplicacdo de um total minimo de espécies selecionadas para
introdugdo no sistema a ser restaurado, em um mesmo momento de plantio, baseando-
se no método ‘framework species’. Considerando-se a utilizacdo de todas as espécies
listadas no Quadro 1 para cada PFT, e um minimo de cinco espécies ameagadas de

extingdo ou de interesse, por exemplo, tem-se um total de 52 a 57 espécies. A riqueza
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média de espécies encontrada no presente estudo, incluindo os morfotipos néo
identificados, foi de 60 nos habitats ferruginosos e 72 nos habitats quartziticos. Assim,
considerando as espécies selecionadas para se iniciar um projeto de restauracdo como
blocos construtores do sistema, a exemplo do método ‘framework species’, pode-se
sugerir, inicialmente, um total minimo de 50 a 60 espécies para introducdo no sistema
a ser restaurado, dentro da abordagem aqui proposta para 0 campo rupestre. No
entanto, o ajuste necessario para determinagdo desse total minimo de espécies, assim
como da representacdo minima dos grupos funcionais como aqui sugerido e suas
respectivas abundancias, so sera possivel a partir da aplicacéo pratica e monitoramento
constante. Dessa forma, estudos experimentais devem ser iniciados em campo o
quanto antes para que resultados possam ser obtidos e testados amplamente. E
necessario frisar que o que esta sendo aqui proposto ndo corresponde a uma receita
pronta e, muito menos, garantia de sucesso, mas sim uma recomendagéo,
cientificamente embasada, para ser colocada em pratica, testada e aprimorada a partir

de um monitoramento constante, acompanhado de um manejo adaptativo.

Um importante critério a ser também considerado ¢ a disponibilidade e a producéo de
mudas nativas de campo rupestre. O cultivo de muitas espécies é ainda um desafio e 0
de muitas outras ainda nem foi testado. Esse € um campo que ainda precisa ser bastante
desenvolvido, reforcando-se a necessidade de investimento em préticas, pesquisas e
tecnologias voltadas para a producédo de mudas de espécies nativas de campo rupestre,
tanto ferruginoso quanto quartzitico, abrangendo uma variedade de espécies coerente
com a diversidade requerida para uma restauracdo ecoldgica efetiva. A abordagem
aqui sugerida também pode orientar nesse sentido, de forma que se busque contemplar
os tipos funcionais centrais, assim como os de identidade, na producdo e cultivo de

mudas nativas, como subsidio para a¢Ges de restauracao ecoldgica no campo rupestre.

Os atributos das espécies tém se mostrado relevantes para identificar combinacdes que
podem gerar um efeito ndo apenas inicial no estabelecimento e crescimento das
plantas, mas também podem direcionar o desenvolvimento da comunidade em longo
prazo. Dessa forma, a selecdo das espécies embasada na combinacdo de atributos
quando do planejamento da restauracdo pode afetar diretamente o desenvolvimento
dos sistemas restaurados (Rosenfield & Muller 2020). A abordagem de selecdo de
espécies aqui proposta deve ser, assim, testada e monitorada na préatica para que se
possa avancar na construcao do conhecimento necessario para a restauracao ecoldgica

do campo rupestre.
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