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RESUMO

Espécies exoticas invasoras (EEl) representam um dos grandes desafios do
Antropoceno. A presenca de gramineas invasoras € mais um obstaculo a
conservacgao de savanas tropicais, ja ameacadas pela conversédo de areas naturais e
em menor grau por iniciativas equivocadas de restauracdo. Esta tese teve o objetivo
de construir um modelo conceitual de estado-e-transi¢céo a respeito da degradacao e
restauracdo de savanas tropicais invadidas por gramineas exoticas.
Especificamente, utilizamos experimentos em campo para entender como a
abundéancia de uma graminea exética invasora, Urochloa decumbens, esta
relacionada a alteracdes em ecossistemas abertos de Cerrado. Além disso, também
investigamos como a abundancia da EEI pode modular os efeitos de queimada
prescritas nas comunidades vegetais e funcionamento desses ecossistemas. Os
experimentos foram implementados em Itirapina/SP e Brasilia/DF e envolveram a
coleta de dados em distintos niveis ecoldgicos: micro-habitat (luminosidade,
umidade e temperatura), individuo (area foliar especifica), comunidade (riqueza,
diversidade e estrutura) e ecossistema (acumulo de biomassa, fluxo de carbono e
taxa de decomposicdo). Foram estabelecidas parcelas (25 m2) representando
gradientes de abundancia de Urochloa decumbens (0, 25, 50, 75 e 100% de
cobertura). Em cada area, foram estabelecidos trés blocos, cada um composto por
um gradiente queimado e outro controle (sem queima). A partir da juncdo das
informacBes observadas em campo com as obtidas da literatura, n6s propusemos
um modelo de estado-e-transicdo composto por sete estados, sendo trés estados
estaveis e quatro transientes. O processo de degradacao resultante da invasdo por
gramineas exoticas pode ser revertido ou minimizado através de acdes de manejo,
capazes de manter o sistema em estados com menor cobertura pela EElI ou menos
impactados pela sua presenca. Esperamos que este modelo sirva de base para a
tomada de decisdes relativas ao manejo de gramineas exdticas invasoras em
savanas tropicais. Acreditamos que somente baseada em ciéncia a préatica de
ecologia aplicada pode enfrentar os desafios que a humanidade encontrara em

decorréncia das mudancas globais.

Palavras-chave: invasdes biologicas, restauracéo ecoldgica, Cerrado, gramineas
africanas, espécies exoticas invasoras



ABSTRACT

Invasive alien species (IAS) represent one of the major challenges of the
Anthropocene. The presence of invasive grasses is an obstacle to the conservation
of tropical savannas, which are already threatened by the conversion of natural areas
and, to a lesser extent, by misguided restoration initiatives. This thesis aimed to build
a state-and-transition model regarding the degradation and restoration of tropical
savannas. Specifically, we used field experiments to understand how the abundance
of an invasive alien grass, Urochloa decumbens is related to changes in open
Cerrado ecosystems. In addition, we also investigated how the IAS’s abundance can
modulate the effects of prescribed burning in vegetation and functioning of these
ecosystems. Fire experiments were implemented in Itirapina/SP and Brasilia/DF
where we sampled data at different levels of ecological organization: micro-habitat
(luminosity, humidity, and temperature), individuals (specific leaf area), community
(richness, diversity, and structure) and ecosystem (biomass accumulation, carbon
flux and decomposition rate). Plots (25 m?2) were established in each area
representing Urochloa decumbens abundance gradients (0, 25, 50, 75 and 100%
cover). In each area, three blocks were established, each one composed of a burnt
gradient and another control. From the combination of information obtained in the
field with those retrieved from the literature, we proposed a state-and-transition
model composed of seven states, three stable states and four transient states. The
degradation process resulting from the invasion by alien grasses can be reversed or
minimized through management actions, capable of maintaining the system in states
with less coverage by the IAS or less impacted by its presence. We hope that this
model will serve as a basis for decision-making regarding the management of
invasive alien grasses in tropical savannas. We believe that the science-based
practice of applied ecology can help us overcome the challenges that humanity will

face because of global changes.

Keywords: biological invasions, ecological restoration, Cerrado, African grasses,
invasive alien species
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INTRODUCAO GERAL

1. REVISAO DE LITERATURA

Espécies exdticas invasoras (EEI) sdo uma das principais ameacas a
conservacdo da biodiversidade (Butchart et al., 2010) e por este motivo séo
reconhecidas como um desafio global para a sobrevivéncia das populacbes
humanas (PySek et al., 2020). Devido aos impactos que causam nos sistemas
invadidos, EEI causam prejuizos ecoldgicos (Bellard, Cassey, & Blackburn, 2016;
Kumschick et al., 2015), sanitarios (Ogden et al.,, 2019), sociais (Jones, 2017) e
econdbmicos (Diagne et al., 2021). No Brasil, os custos econémicos associados a 16
EEI foram de 105 bilhdes de délares nos ultimos 35 anos (Adelino et al., 2021).
Entretanto, sédo registradas 254 EEI no Brasil (Ziller et al., 2020) e, portanto, estes

custos certamente sdo subestimados.

A maior parte das EEI no Brasil sdo plantas terrestres (68%, n =173), das
quais 25 sdo pertencentes a familia Poaceae (Ziller et al., 2020). Estas espécies
geralmente estdo associadas a ambientes abertos e ameacam sobretudo a
conservacao da biodiversidade no Pantanal (Alho, Mamede, Bitencourt, & Benites,
2011), nos Campos Sulinos (Fonseca et al., 2013) e no Cerrado (Damasceno et al.,
2018; Durigan, De Siqueira, & Franco, 2007; Musso et al.,, 2019). Gramineas
utilizadas como forrageiras para alimentacdo de animais estdo entre as EEI mais
problematicas, como por exemplo, Eragrostis plana, Andropogon gayanus,
Megathyrsus maximus, Melinis minutiflora e diversas espécies do género Urochloa,

como U. decumbens, U. humidicola e U. brizantha.

Urochloa decumbens (Stapf) R.D. Webster, assim como as demais espécies

de gramineas exoticas invasoras, causa impactos negativos em areas invadidas de
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Cerrado, como a exclusdo de espécies nativas e alteracbes na estrutura das
comunidades vegetais (Damasceno et al., 2018; Hoffmann & Haridasan, 2008;
Musso et al., 2019; Pivello, Shida, & Meirelles, 1999; Zenni et al., 2020). Espécies
deste género sdo utilizadas como pastagens para bovinos em todo o Brasil
(Brossard & Barcellos, 2005); tendo sido amplamente introduzidas a partir da década
de 1960 devido a sua alta produtividade, palatabilidade e conteudo nutricional (Milles
et al. 1996). Além disso, estas espécies sao alvo de selecdes artificiais e melhorias
genéticas desde a década de 1980, visando incrementos na qualidade e quantidade
dos produtos de origem bovina (Valle, Jank, & Resende, 2009). Consequentemente,
espécies de Urochloa possuem caracteristicas que facilitam tanto sua utilizacdo
como forrageiras gquanto seu sucesso como espécies invasoras, como por exemplo,
acumulo de biomassa area (até 16 toneladas.hal.ano, Baptistella, de Andrade,
Favarin, & Mazzafera, 2020) e répido crescimento apds disturbios (Geissianny B
Assis, Pilon, Siqueira, & Durigan, 2021; Damasceno & Fidelis, 2020; Fisher &

Kerridge, 1996).

A preocupacao com espécies de gramineas exaticas invasoras torna-se ainda
maior no Cerrado, onde a vegetacdo nativa vem sendo convertida para a formacao
de pastagens plantadas (Brossard & Barcellos, 2005), que aumentam a pressao de
propagulo das invasoras sobre areas naturais remanescentes O Cerrado é uma
savana tropical e, devido a coexisténcia entre os estratos herbaceo e arbdreo,
apresenta um gradiente de fitofisionomias, que vao desde campos abertos até
formacdes florestais (Ribeiro & Walter, 2008). Esta diversidade de fitofisionomias
reflete-se também na quantidade de suas espécies vegetais. O Cerrado abriga mais
de 12000 espécies de plantas, das quais 35% sdo endémicas deste bioma (BFG,

2015). Em virtude desta riqueza e da crescente conversao de areas naturais para
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fins agricolas (Alencar et al., 2020), o Cerrado € considerado um hotspot para a
conservacao da biodiversidade (Myers, Mittermeier, Mittermeier, da Fonseca, &
Kent, 2000). Este reconhecimento, porém, ndo impediu a continuidade de sua
devastacéao; dentre os hotspots mundiais, o Cerrado é um dos trés mais convertidos

para fins agricolas (Kong, Zhou, & Jiao, 2021).

Os ecossistemas abertos de Cerrado sao especialmente ameacados pois sua
conversdo é estimulada por politicas publicas que priorizam a conservacdo de
ecossistemas florestais as custas de ecossistemas abertos (Bonanomi et al., 2019),
incluindo o plantio de arvores exéticas invasoras (Fernandes et al., 2016). Por muito
tempo, savanas e campos haturais foram entendidos como resultado da degradacéo
de ambientes florestais (Parr, Lehmann, Bond, Hoffmann, & Andersen, 2014; Pausas
& Bond, 2020). A correcao desse equivoco é recente, por meio da sistematizacao
do conhecimento sobre os processos historicos de formacao de vegetacdes abertas
(Veldman, Buisson, et al., 2015), bem como pelo reconhecimento da alta

biodiversidade de campos tropicais (Murphy, Andersen, & Parr, 2016).

Infelizmente, a supervalorizacdo de ambientes florestais ainda hoje influencia
politicas e praticas de restauracao equivocadas em sistemas abertos (Buisson et al.,
2021; Silveira et al., 2021), causando perdas de biodiversidade e de funcbes
ecossistémicas (Buisson et al., 2019; Veldman, Overbeck, et al., 2015). Devido a
todas estas ameacas a sua conservacao, a necessidade de manejar fisionomias
abertas do Cerrado é cada vez mais premente (Strassburg et al., 2017). Nesse
sentido, o entendimento de savanas como ecossistemas dinamicos e guiados por
disturbios € essencial para o sucesso do manejo (Buisson et al., 2021, 2019; Mayer

& Rietkerk, 2004).
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Savanas tropicais sdo ecossistemas que dependem da ocorréncia de
distarbios naturais, como fogo e herbivoria, para sua existéncia e manutencao
(Walker, 1987). Em virtude da recorréncia destes disturbios, savanas possuem
multiplos pontos de estabilidade ecoldgica, chamados de estados alternativos
estaveis (May, 1977). Estes estados alternativos estaveis (EAE) resultam da
retroalimentacdo de variaveis estruturantes do sistema, que podem ser abidticas,
como a disponibilidade de nutrientes, mas também bibticas, como a riqueza e
diversidade de espécies. Nesse contexto, alteracbes das variaveis estruturantes
podem levar a desestabilizacdo de mecanismos de retroalimentacdo do sistema,
causando sua transicdo a outro estado alternativo (Figura 1; Beisner, Haydon, &

Cuddington, 2003).

—
Y
N

\

S1
>
>
—>
_>
— | -
>/ <«—
-~

Variavel de estado do sistema

E1 E2
Condicdes ambientais

Figura 1. Representacdo de dois estados alternativos estaveis (circulos vermelhos)
mantidos por combinacdes de condicdes ambientais (eixo X) e variaveis de estado do
sistema (eixo y). Alteragbes em um ou ambos 0s eixos podem causar a transigdo entre 0s
dois estados. Modificado de Suding et al. 2004.

Dentre outras forcas transformadoras, invasdes biologicas sdo capazes de
causar transicbes entre EAE ao conduzir o sistema a um estado alternativo

degradado (Wilsey, Daneshgar, Hofmockel, & Polley, 2014). De forma geral, essas
13



transicOes estdo atreladas a um aumento da abundancia da espécie exotica
invasora a medida que o processo de invasdo avanca (Blackburn et al. 2011). Nas
fases iniciais e intermediarias do processo de invasdo, a abundancia da EEI é
moderada, acarretando modificacbes das interacbes entre espécies (Kuebbing,
Souza, & Sanders, 2014), promovendo assim alteracdes na trajetdria da comunidade
e na rigueza e diversidade de espécies (Kuebbing, Classen, Sanders, & Simberloff,
2015). Nas fases finais do processo de invasado, porém, a EEI geralmente domina a
comunidade, ocasionando mudancas subsequentes nas propriedades do
ecossistema, como produtividade, ciclagem de nutrientes (Ehrenfeld, 2003) e

alteracdes do regime de disturbio (D’Antonio & Vitousek, 1992).

A transicdo a um estado invadido degradado, portanto, acontece a partir de
alteracdes dos mecanismos de feedback atuantes nas comunidades invadidas a
medida que a espécie exotica invasora aumenta em abundancia. Comunidades néo
invadidas sdo mantidas por feedbacks negativos, que promovem sua resiliéncia
frente a distUrbios e perturbacdes (Beisner et al., 2003; Suding & Hobbs, 2009). As
transformacdes resultantes da presenca de EEI, entretanto, criam mecanismos de
feedback positivo que retroalimentam sua expansdo nessas areas. Finalmente,
quando a EEI é dominante na comunidade, novos feedbacks negativos séo
estabelecidos, resultando na resiliéncia do sistema invadido frente a acbes de

manejo. (King & Hobbs, 2006; Wilsey et al., 2014)

Devido a essas transformacdes, pode nao ser mais possivel reverter o estado
degradado as condi¢cOes ecoldgicas anteriores a invasdo, quando se considera a
escala de tempo antrépica. Nestes casos, o controle da espécie exatica invasora e a
adocdo de medidas de restauracdo conduzem o sistema a um terceiro estado

alternativo, que possui seus préprios mecanismos de retroalimentacdo (Hobbs,
14



Higgs, & Harris, 2009). Utilizando modelos conceituais de estado-e-transicdo, essa
situacao foi identificada em casos de invasdes de ecossistemas abertos por plantas
(Bestelmeyer, Herrick, Brown, Trujillo, & Havstad, 2004), incluindo gramineas

africanas em savanas tropicais (Brooks, Setterfield, & Douglas, 2010).

Modelos conceituais de estado-e-transicdo permitem a aplicacdo pratica de
conhecimentos cientificos ao sintetizar informacdes sobre processos ecoldgicos e
seus mecanismos subjacentes (Hobbs & Norton, 1996). Neste sentido, a elaboracéo
de modelos conceituais sobre a dindmica de sistemas abertos invadidos por
gramineas exoticas é de fundamental importancia para orientar as praticas de
conservacdo e restauracdo destes ecossistemas (Bestelmeyer et al.,, 2003),
incluindo o manejo de gramineas invasoras (Hobbs, 2007). Quando aplicados a
savanas tropicais, modelos de estado-e-transicdo permitem identificar os
mecanismos responsaveis pela manutencao e/ou transicées entre EAE, influenciado
assim o sucesso de acdes de manejo de EEI (Suding & Hobbs, 2009) e de

restauracdo ecoldgica (Suding, Gross, & Houseman, 2004).

A utilizagdo de modelos conceituais para o entendimento da dinamica das
formacdes de Cerrado foi iniciada por Pivello e Coutinho (1996), que consideraram
um modelo de estado-e-transicdo para esse bioma, inclusive com transicoes
causadas por espécies de gramineas exéticas invasoras. Apesar de 0s autores
deixarem claro que seu modelo foi um primeiro prototipo e alertarem sobre a
necessidade de novos estudos sobre 0 assunto, pouco se avangou ao longo destes
25 anos. Os problemas ocasionados por gramineas exoticas invasoras, por outro
lado, intensificaram-se, tornando-se um desafio cada vez maior para a conservagao
destes ecossistemas (Guimaraes-Silva, Zenni, Rosse, Bastos, & van den Berg,

2020), dada a dificuldade de seu controle (Damasceno & Fidelis, 2020), o legado de
15



seus efeitos negativos (Zenni et al., 2020) e a auséncia de regeneracao natural da

vegetacao nativa apos seu controle (Assis et al., 2021).

Atualmente, existem evidéncias que apontam tanto para a eficacia (Aires,
2009; Assis et al., 2021; Barbosa, 2009; Castillioni, 2015; Damasceno & Fidelis,
2020; Martins, Hay, Walter, Proenca, & Vivaldi, 2011; Sampaio et al., 2015; Zenni et
al., 2020) quanto a ineficacia do controle de espécies de gramineas no Cerrado
(Geissianny B Assis et al.,, 2021; Barbosa, 2009; Castillioni, 2015; Damasceno &
Fidelis, 2020; Gorgone-Barbosa, 2016; Martins et al., 2011). A auséncia de
uniformidade dos resultados de manejo pode resultar de diversos fatores, incluindo
diferencas inerentes a cada técnica, ao tempo de monitoramento e a escala do
estudo. Entretanto, mesmo limitando-se os estudos apenas aos que avaliaram a
eficacia de queimadas prescritas, resultados distintos também sao encontrados.
Uma possivel explicacdo para essas divergéncias é o fato de que os resultados de
acOes de manejo sdo dependentes do contexto, como, por exemplo, do momento e
da qualidade da execucdo das acbes (Shea, Kelly, Sheppard, & Woodburn, 2005).
Além disso, apesar de serem funcionalmente similares, espécies de gramineas
exoticas invasoras no Cerrado sdo diferentemente influenciadas pelas condicfes

climaticas apos seu controle pelo fogo (Damasceno & Fidelis, 2020).

Um fator ainda a ser investigado e que também pode afetar o resultado de
acbes de manejo de gramineas exéticas invasoras em savanas tropicais € a
abundéancia da espécie indesejada no momento do controle (porém veja Martins et
al., 2011). Isto pode se dar de duas formas: diretamente, pela influéncia da
abundéancia nas técnicas de manejo adotadas; e indiretamente, a partir dos efeitos
da abundéncia nos impactos causados no sistema. Consequentemente, a

abundéancia da EEI, dentre outras caracteristicas como capacidade de rebrote, por
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exemplo, influencia a escolha das técnicas de manejo a serem adotadas.

Em areas em inicio de invasdo (quando a abundancia da invasora € baixa),
técnicas direcionadas a erradicar os individuos invasores (Blackburn et al., 2011,
Robertson et al., 2020), como capina, arranquio e corte sao preferiveis, por sua
maior eficacia e menor impacto na vegetacdo nativa (Aires, 2009; Assis et al., 2021,
Barbosa, 2009; Martins et al., 2011). Em areas dominadas pela espécie exoética
invasora (nas quais sua abundancia € alta) é preferivel a utilizacdo de técnicas
aplicaveis em larga escala e que permitam seu controle em longo prazo (Garcia-
Diaz et al., 2021), como queimadas prescritas, associadas (Assis et al., 2021,
Castillioni, 2015; Martins et al., 2011) ou ndo (Damasceno & Fidelis, 2020; Gorgone-
Barbosa, 2016) a aplicacdo de herbicidas e/ou a semeadura direta de espécies

nativas.

Por outro lado, a abundancia de espécies exoticas invasoras também
influencia o resultado das acbes de manejo através de impactos per-capita
dependentes da densidade (Dresseno, Guido, Balogianni, & Overbeck, 2018;
lannone, Heneghan, Rijal, & Wise, 2015; Pearse, Sofaer, Zaya, & Spyreas, 2019;
Tererai, Gaertner, Jacobs, & Richardson, 2013; Zhang et al., 2020). Por impacto per-
capita referimo-nos as alteracbes ecoldgicas resultantes do processo de invasdo
ponderadas pela abundancia da invasora, assim fornecendo um indicativo de como
os efeitos e/ou impactos sdo dependentes da densidade da invasora (Pearse et al.,
2019; Sofaer, Jarnevich, & Pearse, 2018). Ao longo de um gradiente de abundancia,
0s impactos per-capita podem se manter constantes, resultando em um impacto total
linear e diretamente proporcional a abundéancia da invasora. Entretanto, & possivel
gue o impacto per-capita varie ao longo do gradiente de abundéncia. Nesse caso, a

curva abundancia-impacto € nao-linear e pode apresentar mudancas de sentido e
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direcdo, o0 que indica limiares de abundancia da invasora que causam

descontinuidade na variavel impactada (Figura 2).

A
Impacto cumulativo
- = Impacto per-capita

Impacto ou efeito

Impacto ou efeito

Abundancia Abundancia
Figura 2. Representacdo de possiveis curvas de abundancia-impacto de uma espécie
invasora. A curva pode ser linear (A), quando o impacto per-capita € constante, ou nao-
linear quando os impactos per-capita ndo sédo constantes (B,C,D). Nestes casos, 0s pontos
de mudancga de direcdo da curva indicam limiares de abundancia da invasora que podem
resultar em mudangas abruptas no impacto total causado no sistema invadido, indicando um

possivel limiar entre estados alternativos estaveis (C, pico da curva pontilhada). Modificado
de Sofaer et al. (2018).

Em decorréncia da relacdo entre abundéncia, impactos e limiares de
transicdo, curvas de impacto-abundancia sdo ferramentas (teis em estudos que
pretendem investigar o efeito de espécies exdticas invasoras na dinamica do
sistema invadido (Pearse et al.,, 2019). Nesse sentido, esta tese de doutorado
avaliou como a abundancia da graminea Urochloa decumbens, ao longo de um
gradiente de invasao, afeta a degradacao e a restauracao de ecossistemas abertos

de Cerrado.
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2. OBJETIVOS

O objetivo geral desta tese de doutorado foi investigar como a graminea
exotica invasora Urochloa decumbens influencia a degradacédo e restauracdo de
ecossistemas abertos de Cerrado, a partir de uma abordagem de modelo de estado-
e-transicdo. Objetivamos construir um modelo conceitual que represente o0s
possiveis estados alternativos de um sistema invadido, bem como as transicdes
entre estes estados, considerando abundancia da espécie invasora como variavel
estruturante do sistema. O objetivo geral foi dividido em trés objetivos especificos,
gue abordam sequencialmente 1) a degradacédo causada pelo processo de invasao;

2) a restauracédo do sistema invadido; e 3) a construcdo do modelo conceitual.

No primeiro objetivo, investigamos de que forma a abundancia da graminea
exotica invasora esta relacionada com os impactos causados em propriedades do
sistema, desde o nivel de micro-habitat até o nivel de ecossistema. Ao longo de um
gradiente de invasdo, avaliamos como a abundancia da EEI (avaliada por sua
cobertura) relaciona-se com caracteristicas de micro-habitat (cobertura de solo nu,
luminosidade, temperatura e umidade do ar); com a performance dos individuos,
mensurada a partir da area foliar especifica, um atributo funcional relacionado a
capacidade fotossintética; com as comunidades vegetais (estrutura, composicdo e
diversidade); e com propriedades do ecossistema (biomassa acumulada, taxa de
decomposicédo, e emissao de CO2 do solo).

Esperamos encontrar, no nivel de micro-habitat, curvas de abundancia-
impacto lineares negativas para a luminosidade e temperatura do ar no nivel do solo
devido a alta produtividade da EEI. No nivel de individuo, esperamos que os valores
de éarea foliar especifica (SLA) de Urochloa decumbens aumentem de forma néao-

linear devido a intensificagdo da competicdo intraespecifica e as limitagbes
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fisiologicas e ambientais ao SLA (Lambers & Oliveira, 2019). Esperamos que o SLA
das espécies nativas dominantes aumente por causa da maior competicao
interespecifica; porém de forma linear, jA que apenas boas competidoras se
manteriam em &reas completamente invadidas. Esperamos decréscimos néo-
lineares na abundancia, riqueza e diversidade de espécies devido aos impactos da
EEI sobre a biodiversidade (Almeida-Neto et al., 2010; Damasceno et al., 2018).
Esperamos aumentos lineares no acumulo de biomassa area e no efluxo de CO2 do
solo devido a alta capacidade fotossintética de gramineas exoéticas invasoras.
(Baruch, Hernandez, & Montilla, 1989). Entretanto, esperamos aumentos nao-
lineares das taxas de decomposicdo da serrapilheira, jA que este processo é
fortemente limitado pela comunidade de agentes decompositores (Bradford et al.,
2002).

No segundo objetivo, avaliamos de que forma os impactos detectados
poderiam ser revertidos a partir do uso de queimadas prescritas para a restauracao
desses ecossistemas. Para tanto, ao longo do gradiente de invasdo mensuramos
como duas queimadas prescritas afetaram o0s impactos causados por Urochloa
decumbens, explorados no primeiro objetivo do estudo. Esperamos que as queimas
prescritas resultem em maiores alteracdes do impacto da EElI em niveis
intermediarios de abundéancia por Urochloa decumbens. Essa expectativa deriva de
trés premissas: 1) comunidades nado invadidas serdo resilientes aos distarbios
causados pelo fogo, dada a presenca desse elemento ao longo de sua historia
evolutiva (Simon et al.,, 2009); 2) em niveis intermediarios de invasdo, o fogo
temporariamente alteraria as relagbes competitivas entre a invasora e as espécies
nativas, facilitando sua coexisténcia; 3) areas muito invadidas ja teriam sido

massivamente impactadas pela presenca de Urochloa decumbens.
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Assim, esperamos que as queimadas prescritas sejam mais eficazes em
minimizar os impactos da invasora em sistemas menos degradados (até cerca de
75% de cobertura por Urochloa decumbens), e que, portanto, nao teriam
transicionado em direcdo a um estado alternativo degradado (Figura 3, retangulo 1).
Isto porque nestes sistemas ainda ndo degradados o0s mecanismos de
retroalimentacdo responsaveis por manter o estado alternativo conservado ainda
nao haveriam sido alterados pela presenca da EEI, possibilitando minimizacdo dos
impactos e manutencdo de um estado ecoldgico integro ou pouco modificado.
Esperamos, em contrapartida, ii) que em sistemas que tenham transicionado para
um estado degradado, com alta abundancia da EEI (Figura 3, retangulo 2), as
gueimadas prescritas ndo mais restaurariam as condicbes de um sistema nao-
invadido, mas sim dariam origem a um outro distinto estado alternativo (Figura 3,
retangulo 3).

Para atingir o terceiro objetivo especifico, elaboramos um modelo de estado-
e-transicao para invasdes por gramineas exoticas invasoras em savanas tropicais. A
construcdo do modelo baseou-se tanto em aspectos ecoldgicos tedricos quanto em
resultados primarios obtidos a partir das analises relacionadas aos dois primeiros
objetivos. Em relacdo a fundamentacédo tedrica, apoiamo-nos nas teorias de estados
alternativos estaveis (Stringham, Krueger, & Shaver, 2003) e de invasfes biologicas
(Blackburn et al.,, 2011), bem como nas interrelagbes entre elas e em suas
implicacbes para a ecologia aplicada (Hobbs & Humphries, 1995; Suding et al.,
2004; Suding & Hobbs, 2009). Construimos o modelo conceitual visando sua
utilizagdo por gestores de unidades de conservacao envolvidos no controle de

espécies invasoras e restauracao ecoldgica.
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Figura 3. Representacdo de um modelo tedrico relacionando a abundancia de gramineas
exoticas invasoras com as alteragbes de propriedades do sistema invadido, induzindo a
transicdo entre trés estados alternativos estaveis (EAE; retangulos 1 [vermelho], 2 [verde] e
3 [azul]) e entre diferentes configuracdes de um mesmo estado (A, B ou C no estado 1; D e
E no estado 2). As linhas tracejadas indicam pontos a partir dos quais alteragbes das
propriedades do sistema em diferentes niveis de organizacdo (eixo y; micro-habitat,
comunidade e ecossistema) bem como do regime de distlrbio (eixo x) estdo associadas as
transicbes entre configuracdes e estados (setas no interior dos retangulos e entre eles,
respectivamente). Antes de transpor o limiar ecolégico entre dois EAE’s, a espécie exotica
invasora atinge abundancias capazes de madificar as caracteristicas fisicas do sistema
(micro-habitat), bem como a composicdo de espécies (comunidade). As transicdes entre
diferentes configuragcbes de um mesmo EAE (setas bidirecionais no interior de cada
retangulo) seriam reversiveis mediante a implementacéo de ac¢des de restauracdo. Por outro
lado, o aumento da abundancia da graminea exética invasora promove a transposicao do
limiar ecoldgico entre dois EAE’s (seta unidirecional entre os retangulos 1 e 2), causando
alteragcbes no funcionamento e nas propriedades do ecossistema que podem ser
irreversiveis na escala de tempo antropica. Entretanto, seria possivel ainda a ocorréncia de
um terceiro estado alternativo menos degradado (retangulo 3), originario de acdes de
restauracao que reduzissem a abundancia da graminea invasora e que recuperassem parte
das caracteristicas anteriores do sistema. Neste caso, 0 sistema poderia retornar ao estado
degradado, caso a abundancia da graminea exética invasora nao fosse mantida dentro dos
limites que permitem a ocorréncia do EAE 3 (seta bidirecional entre os retangulos 2 e 3).
Além disso, é possivel ainda que as caracteristicas iniciais do sistema sejam restauradas a
partir do novo estado alternativo em uma escala de tempo geolégica (seta unidirecional
entre os retangulos 1 e 3).
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3. DESCRICAO GERAL DOS METODOS

3.1.AREAS DE ESTUDO

Este estudo foi desenvolvido no interior de duas unidades de conservacao de

Cerrado — o Parque Nacional de Brasilia (PNB) e a Estacdo Ecoldgica de Itirapina

(ECEIl). As duas areas de estudo estéo localizadas na mesma longitude (47°53’'W) e

sdo separadas por 800 km em linha reta, no sentido norte-sul (Figura 4). O PNB

situa-se no Distrito Federal, no Planalto Central Brasileiro, em regido central do

Cerrado (15°41’S e 47°53’'W), enquanto a EcEl encontra-se no estado de Sdo Paulo,

na por¢gao marginal do bioma (22°14’S e 47°53'W). Os solos das duas areas sao

oligotroficos e intemperizados, sendo dominantes os argissolos vermelhos e o0s

arenossolos no PNB e ECEI, respectivamente (IBAMA & FUNATURA., 1998;

Zanchetta et al., 2006).
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Figura 4. Mapa destacando o Distrito
Federal e o municipio de Itirapina,
localidades onde encontram-se as
areas de estudo Parque Nacional de
Brasilia (PNB) e Estacao Ecoldgica de
Itirapina (ECEI), respectivamente (A); e
vista aérea das éareas estudo,
delimitadas em vermelho no Parque NB
(B) e na EcEl (C).



Ambas as areas apresentam clima do tipo Cw, com verfes guentes e
chuvosos e invernos secos. As meédias mensais de temperatura e precipitacao
durante o verao e o inverno sdo 23°C e 300mm e 18°C e 150mm para o PNB e 22°C
e 188mm e 17°C e 55mm para a EcEl (IBAMA & FUNATURA 1998; Zanchetta et al.
2006). A vegetacdo das duas areas de estudo € composta por distintas formacdes
de Cerrado, que vao desde campos abertos até areas florestais (IBAMA &
FUNATURA., 1998; Zanchetta et al.,, 2006). Como este estudo busca avaliar a
influéncia de gramineas exoticas invasoras em ecossistemas abertos de Cerrado,
selecionamos, em ambas as localidades, areas de campo sujo invadidas por
Urochloa decumbens (introducédo ndo-intencional). Similarmente a outras formacdes
abertas do Cerrado, o campo sujo € caracterizado por um estrato herbaceo
dominado por gramineas, mas também composto por diversas espécies nao-
gramindides. Nesta matriz herbacea estao inseridos individuos arbustivos e arboreos
isolados, que representam até 25% da cobertura de copa nesses ambientes (Ribeiro

& Walter, 1998).

3.2.DELINEAMENTO EXPERIMENTAL

Para o estudo, selecionamos uma area de campo sujo invadida (introducdo
nao-intencional da invasora) em cada uma das unidades de conservacéo (Figura 5).
O historico indica que as invasdes se iniciaram nas décadas de 1980 no PNB e de
1990 na EcCEIl. As unidades amostrais do estudo foram parcelas de 5 x 5 m
escolhidas para representar um gradiente de invasdo de acordo com a cobertura por
Urochloa decumbens. Estabelecemos trés blocos de parcelas em cada area, sendo
cada bloco composto por dois gradientes pareados, um destinado as queimas

prescritas e outro para ser utilizado como controle ndo queimado.
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Cada gradiente foi composto por cinco parcelas representando 0%, 25%,
50%, 75% e 100% de cobertura pela invasora (Figura 6 A). Estabelecemos um total
de 60 parcelas: 5 parcelas x 2 gradientes x 3 blocos x 2 areas. Cada parcela foi
estabelecida em uma mancha de invasao que correspondesse a cobertura desejada
e nenhuma mancha foi utilizada para mais de uma parcela; i.e., as maiores manchas
selecionadas tinham 5 x 5 metros, correspondendo as parcelas 100% invadidas. Em
um mesmo bloco, as parcelas foram espacadas entre si por, no minimo, 5 metros.

Entre os blocos, a distancia minima foi de 100 m.

Figura 5. Aspecto geral (A, B) e detalhe (C, D) de areas abertas de Cerrado ndo-invadidas
(A, C) e sob invasdo por Urochloa decumbens (B, D). Apesar de ndo resultar em
transformacgfes fisionbmicas, a presenca da invasora causa impactos estruturais na
vegetacdo que sao visualmente perceptiveis, como a reducdo de cobertura por espécies
nativas. As fotografias foram tiradas nas areas de estudo desta pesquisa: as fotos A e B sao
registros tomados do Parque Nacional de Brasilia; e as fotos C e D na Estacéo Ecologica de
Itirapina.

Os levantamentos da comunidade vegetal e a caracterizagdo do micro-habitat

foram realizadas na porcdo central de cada parcela (nacleo de 3 x 3 m), que foi
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subdividida em 9 subparcelas de 1 m2 (Figura 6B) visando diminuir o efeito da
heterogeneidade espacial do estrato herbaceo (Augustine, 2003). A zona de
bordadura (1 m ao redor da area central, em direcdo as bordas da parcela) foi
utilizada para amostragens que demandaram remocdo da vegetacdo, como coleta
de biomassa e de folhas para area foliar especifica, bem como as taxas de

decomposicéo e o efluxo de CO:2 do solo.

3.3.COLETA DE DADOS

Foram realizadas duas campanhas de amostragem em cada area: uma
anterior (2019) e outra posterior (2021) a execuc¢do das duas queimadas prescritas,
realizadas no meio da estagao seca em 2019 e 2020. Cada gradiente destinado ao
tratamento de fogo foi queimado de forma independente. Desse modo, garantimos a
independéncia entre os blocos e minimizamos as variagbes nas condi¢bes de
gqueima experienciadas pelas parcelas de um mesmo gradiente. Todas as
amostragens foram realizadas ao final da estacdo chuvosa, nos meses de marco e

abril.

O registro das condi¢des microclimaticas (iluminancia, temperatura e umidade
do ar ao nivel do solo) foi realizado de hora em hora, utilizando kits de sensores do
tipo HOBO (cada kit foi composto por um HOBO Pendant e um HOBO Pro v2).
Devido a limitagdo no numero de kits disponiveis, dois blocos de cada &rea foram
sorteados para receberem os sensores (20 kits por area, 40 kits no total). Para evitar
viés relativo ao local de instalacdo dos kits, os sensores foram sistematicamente
instalados sempre no mesmo vértice de cada parcela. Em cada amostragem (em

2019 e em 2021), os kits permaneceram no campo por pelo menos 130 dias, desde
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a transicdo da estacdo chuvosa para a estacdo seca (marco/abril) até o final da

estacdo seca (agosto/setembro).

A
o ||| |50 BB .
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B
3m
3m 5m

Bordadura

Figura 6. Esquema do delineamento experimental utilizado (a localizagdo das parcelas em
campo ndo seguiu o alinhamento mostrado na figura, por limitacdes técnicas). A) Cada
bloco de parcelas € composto por dois gradientes pareados em relagdo a abundéancia de
Urochloa decumbens (0, 25, 50, 75 e 100% de cobertura pela invasora). Em cada bloco, um
gradiente foi destinado ao tratamento de queima e outro permaneceu inalterado como
controle (indices B e C na identificacdo das parcelas na figura). B) Em cada parcela (25 m?),
os levantamentos da comunidade vegetal foram feitos em uma area central (9 m2, em
verde), enquanto as demais variaveis foram amostradas na bordadura de 1 m de largura.

Em cada subparcela (1 x 1m), a amostragem da vegetacdao foi feita por meio
da estimativa visual da cobertura percentual de cada espécie. Esta amostragem foi
realizada sempre pela mesma pessoa em ambas as areas experimentais. Utilizamos
uma escala com porcentagem de cobertura de 0, 1, 5, 10 e, a partir dai, a cada 10
pontos percentuais até o maximo de 100% para estimar o somatorio da projecdo da
parte aérea de todos os individuos de cada espécie. A estimativa de cobertura foi

realizada tanto para espécies nativas quanto para Urochloa decumbens e outras
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espécies exoticas invasoras quando ocorrentes, tais como Melinis minutiflora e
Andropogon gayanus. Devido ao arranjo tridimensional dos individuos, a cobertura
total da comunidade dentro de uma subparcela (soma de todas as espécies)
eventualmente ultrapassou 100%. Além disso, dentro de cada subparcela,
estimamos também a porcentagem de solo exposto (solo nu) ou coberto por
biomassa morta (serrapilheira + biomassa morta ainda aderida aos individuos) de
espécies nativas e exoticas invasoras. NOs agrupamos as espécies nativas em
grupos funcionais de acordo com sua forma de crescimento: graminoides, herbaceas

e arbustos.

No nivel de individuos, analisamos a area foliar especifica de espécies
dominantes em cada parcela. Ranqueamos, do maior para a menor valor de
cobertura, todas as espécies encontradas em uma parcela. Para isso, utilizamos os
valores médios de cobertura de cada espécie calculados a partir da média simples
de sua cobertura nas nove subparcelas que compdem uma parcela. Além da
espécie mais abundante, selecionamos também as espécies seguintes até que a
soma de sua cobertura atingisse pelo menos 80% da cobertura de cada parcela,
independentemente de serem nativas ou invasoras. Seguindo o protocolo
estabelecido por Pérez-Harguindeguy e colaboradores (2013), coletamos folhas de
dez individuos (3 folhas por individuo) que foram temporariamente estocadas em
sacos de papel. Em laboratério, as folhas foram reidratadas e tiveram sua area
mensurada utilizando um equipamento LI-COR LI-3000C. Folhas compostas foram
escaneadas em um scanner Epson V800 e medidas utilizando-se o software P-trap
(Al-Tam et al., 2013). Apés mensuragfes da area, as folhas foram secas em estufa

(80°C, 48h) e pesadas em balanca eletrénica com precisdo de 0.1 mg.

A biomassa acumulada foi quantificada através da coleta de todo o material
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vegetal acima do solo em uma area de 0.5 x 0.5 m. Aleatoriamente, coletamos trés
subamostras por parcela (na faixa de bordadura), de modo a minimizar os efeitos da
heterogeneidade espacial. A biomassa coletada foi armazenada em sacos de papel
e posteriormente separada e pesada em laboratorio. Separamos a biomassa em
Urochloa decumbens viva ou morta; biomassa viva nativa (gramineas, herbaceas ou
arbustos); biomassa nativa morta (ndo separada por grupo funcional). Quando
ocorrentes, quantificamos separadamente a biomassa de outras gramineas
invasoras. Apos triada, a biomassa foi seca em estufa (80°C, 48h) e pesada em

balanca eletronica.

Mensuramos taxas de decomposicdo do ecossistema por meio de
experimentos com bolsas de decomposi¢do (20 x 20 cm) confeccionadas em aco
inoxidavel. Em cada parcela, nas duas amostragens, trés bolsas foram deixadas
sobre o0 solo e sob incidéncia direta de radiacdo solar, conforme protocolo descrito
por Karberg e colaboradores (2008). Em cada parcela, uma das trés bolsas foram
resgatadas aos 90, 120 e 160 dias ap6s sua instalacdo, entre abril e agosto.
Objetivando a padronizacdo do material parental ao longo do gradiente de invaséo,
utilizamos 5g de biomassa morta de Urochloa decumbens coletada antes de sua

gueda e incorporacdo na serrapilheira.

Os dados de efluxo de CO:2 do solo foram coletados utilizando-se camaras de
incubacéo com cal sodada (Ca/NaOH), conforme protocolo de Keith e Wong (2006).
Em cada amostragem, instalamos uma camara por parcela, sistematicamente
posicionada em relacdo aos veértices delimitadores da parcela. A cal sodada
permaneceu encubada por um periodo de 24 horas, sendo entéo recolhida, seca em
estufa (105°C, 24h) e pesada em balanca eletronica de precisdo. As atividades

executadas em campo e em laboratorio ao longo da pesquisa estéo ilustradas nas
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Figuras 7 e 8, respectivamente. A analise dos dados foi realizada por meio de

diferentes abordagens nos capitulos e, portanto, essas ndo sao descritas aqui.

Figura 7. Amostragens em campo: A) montagem dos experimentos; B) sensores de micro-

habitat; C) levantamento de vegetacao; D) coleta de biomassa; E) amostragem do efluxo de
COy; F) bolsas de decomposicao.

Figura 8. Processamento de material em laboratério. Triagem de biomassa (A) e medi¢céo de
area foliar especifica através da reidratacédo (B), preparacado (C) e escaneamento (D) das
folhas.
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3.4.O0PERACOES DE QUEIMA

As queimas experimentais foram realizadas no meio da estacdo seca, em agosto
e outubro de 2019 e agosto e setembro de 2020 (Figura 9). Optamos por realizar as
gueimas nesta época do ano para maximizar sua eficacia na reducao da abundancia
de gramineas invasoras (Damasceno & Fidelis, 2020). Todas as queimas
aconteceram durante o dia e foram iniciadas a favor do vento. As queimas foram
conduzidas pelas brigadas de incéndio das unidades de conservagdo. As cinco
parcelas de queima de cada bloco foram queimadas em uma mesma operacéo de
gueima de forma a garantir a independéncia amostral entre os blocos, bem como a

similaridade de condi¢cfes de queima experenciadas pelas parcelas ao longo de um

mesmo gradiente.

Figura 9. Imagens das operacbes de queima em ltirapina em agosto de 2019 (A) e
agosto de 2020 (B) e em Brasilia em outubro de 2019 (C) e setembro de 2020 (D).
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4. ORGANIZACAO DA TESE

Esta tese estd organizada em trés secfes: introducdo, desenvolvimento e
conclusdo. Tanto a introdugcédo quanto a conclusao estao redigidas em portugués de
forma a contextualizar a questdo abordada e apresentar os resultados e as
implicacdes decorrentes do trabalho. Estas se¢Bes visam ainda facilitar a leitura e
utilizacdo da tese dentro do pais, especialmente por pessoas interessadas nha
conservacdo da biodiversidade brasileira e no manejo de espécies exoticas

invasoras, como, por exemplo, gestores de unidades de conservacgao.

A secao de desenvolvimento da tese € dividida em trés capitulos, redigidos no
formato de artigos cientificos em lingua inglesa. Cada capitulo corresponde a um
dos objetivos especificos do estudo, todos os trés convergindo para o objetivo
principal da tese: elucidar como gramineas exoéticas invasoras influenciam na
degradacdo e na restauracdo de formacbes abertas do Cerrado a partir de uma
abordagem de modelo de estado-e-transicdo. Nesse tipo de abordagem, a
abundéancia da espécie exodtica invasora é aspecto chave para o entendimento dos

processos, sendo por isso abordada diretamente nos dois primeiros capitulos.

O primeiro capitulo, intitulado “Per-capita impacts of an invasive grass
vary across levels of ecological organization in a tropical savanna” sera
enviado para publicagcdo na revista Biological Invasions. Este capitulo avalia como a
abundancia de Urochloa decumbens estd relacionada a seus impactos sobre o
ecossistema em diversos niveis de organizacdo ecoldgica. Consideramos
modificacdes resultantes nas caracteristicas de micro-habitat, em atributos
funcionais de plantas nativas, na diversidade de comunidades vegetais e no ciclo do

carbono. Dessa forma, este capitulo destina-se a compreensdo do processo de

degradacdo de um sistema invadido por Urochloa decumbens, que é a primeira
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etapa necessaria para construcdo de um modelo de estado-e-transicao.

O segundo capitulo, intitulado “Abundance of an invasive grass modulates
short-term effects of fire in a tropical savanna”, contribui para a segunda etapa
da construcdo do modelo, referente aos processos de restauracdo desses sistemas
invadidos. Neste capitulo avaliamos de que forma a abundancia da espécie exotica
invasora modula os efeitos de queimadas prescritas. Com o objetivo de unir os
panoramas de degradacdo e restauracdo, mensuramos o efeito das acbes de
manejo sobre as mesmas variaveis ecologicas consideradas no primeiro capitulo.
Assim, avaliamos como duas queimadas anuais influenciaram as condicfes de
micro-habitat, a area foliar especifica (SLA) das espécies dominantes, a estrutura e
composicdo de comunidades, a biomassa acumulada e a taxa de decomposicéo,
bem como o efluxo de CO2 do solo. Este capitulo sera submetido para publicagdo na

revista Applied Ecology.

O ultimo capitulo sintetiza e integra os anteriores, ao apresentar um modelo
conceitual da degradacédo e restauracdo de formacdes abertas do Cerrado em
funcdo da abundancia de gramineas exéticas invasoras. Este capitulo fornece
embasamento cientifico para o planejamento de politicas publicas e acdes de
conservacgao do Cerrado. Esperamos ainda que o modelo proposto seja utilizado por
gestores como uma ferramenta de aplicacdo pratica no manejo de unidades de
conservagcao. Este capitulo, intitulado “A state-and-transition model for the
restoration of grass-invaded open tropical savannas” serd submetido para

publicacdo na revista Journal of Applied Ecology.
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Abstract

Invasive alien plants can negatively impact biodiversity and ecosystem functioning
through alterations of microhabitat conditions, plant traits, community diversity, and
ecosystem processes. These negative impacts are directly determined by the
abundance of the invasive alien species (IAS), a relationship that usually does not
follow simple linear trends due to the complexity of ecological interactions.
Abundance-impact curves are key to inform evidence-based management
interventions since they can reveal how per-capita impact changes as the invader
becomes more abundant. Across 12 invasion gradients occurring in two areas, we
constructed abundance-impact curves of the invasive grass Urochloa decumbens in
a tropical savanna (Cerrado). Each gradient was composed of five 25 m2 with 0, 25,
50, 75 and 100% of cover by the invader. We used generalized additive models to
assess how increases in the invader’s abundance influenced system properties from
the microhabitat to the ecosystem level. At the microhabitat level, increasing

invader’s abundance resulted in non-linear effects on bare soil cover and illuminance

on the ground but a linear reduction in temperature fluctuations. Specific-leaf area of
dominant species (native and invasive pooled together) linearly increased with
invader’'s abundance due to its growing dominance in communities. At community
level, we found higher per-capita effect of Urochloa decumbens on native graminoids’
cover when the invader was at low levels of abundance. Conversely, per-capita effect
on native species richness were higher at moderate levels of invasion. These results
indicate prompt impacts of the invader on abundance of functionally similar native
grasses, but greater impacts on species richness only at moderate levels of invasion.
Total biomass increased through the invasion gradient reflecting the combination of

an increase in invader's biomass and a loss of natives’ biomass. Despite these
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changes, ecosystem properties (CO:2 solil efflux and decomposition rates) were not
influenced by the abundance of the IAS. These findings support the functional
redundancy between Urochloa decumbens and native dominant grasses in relation
to carbon cycle, as expected from their C4 metabolisms. Despite being functionally
similar to the native species it excludes, Urochloa decumbens promotes negative
impacts at microhabitat, individual and community levels. Varying per-capita impacts
on community composition and richness might misguide implementation of

management actions to a moment when biodiversity loss is already occurring.

keywords: abundance-impact curve, biological invasion, Cerrado, invasive grasses,

per-capita impact, tropical savanna, Urochloa decumbens

Introduction

Invasive alien plants usually cause a range of ecological impacts in the
invaded system, including negative, positive or neutral outcomes (PySek et al., 2012).
Due to density-dependent per-capita effects (Parker, Simberloff, & Lonsdale, 1999;
Pearse et al., 2019), the abundance of an invasive alien species (IAS) influences
both direction and magnitude of its impacts in the recipient system (Strayer, 2020).
Per-capita impacts are derived from the steadiness of slopes in abundance-impact
curves (Sofaer et al., 2018). Linear relationships, i.e., with constant slope, imply a
constant per-capita effect of IAS on the impact being accessed. Diversely, non-linear
abundance-impact curves have varying slopes and then a changing per-capita
impact throughout the invasion gradient. Implications of how per-capita impacts of an
IAS could vary is paramount for science-based planning of management actions
(Yokomizo, Possingham, Thomas, & Buckley, 2009), since long-term management of
IAS should focus on reducing its negative impacts and sharped towards limiting its
spread into new areas instead of pure eradication (Diagne et al., 2021; Garcia-Diaz

et al., 2021).
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Abundance-impact curves differ depending on the impact being measured,
including variations in impacts accessed at the same ecological level of organization.
For invaders at the same trophic level, abundance-impact curves at the population
level can follow linear or non-linear trends, whereas trends at community level tend to
be linear (Bradley et al., 2019). At ecosystem level, impacts of invasive alien plants
seems to be context-dependent (Vila et al.,, 2011), but despite their effects on
ecosystem functioning (Vila et al., 2010), abundance-impact curves for invasive alien
plants at this level of organization are poorly understood. Notwithstanding the need
for appropriate abundance-impact curves to guide management actions (Yokomizo et
al., 2009), as far as we know, no study has evaluated how abundance-impact curves
of an IAS might differ depending on the level of ecological organization at which
impacts are being accessed.

Our study also addresses an important knowledge gap in applied ecology, that
is the study of biological invasions in tropical ecosystems (Nufiez et al., 2019), in
which the high diversity does not seem to prevent plant invasions by limiting similarity
(Chong et al., 2021). This is the case of tropical savannas invaded by perennial
exotic C4 grasses, where these species can modify ecosystem properties and drive
the system towards a non-reversible process of degradation, as conceptually
suggested (Pivello & Coutinho, 1996) and empirically demonstrated (Brooks et al.,
2010; Rossiter-Rachor et al., 2009). In these systems, driven by state-and-transition
dynamics (D’Odorico, Laio, & Ridolfi, 2006), characterization of abundance-impact
curves resulting from alien plant invasions is fundamental to anticipate the crossing
of ecological thresholds thus, preventing the system to transition towards new
degraded stable states (Wilsey et al., 2014).

Tropical savannas and grasslands are present mainly in the southern
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hemisphere, covering about 20% of land on Earth (Brian J. Huntley & Walker, 1982)
providing home for millions of people and important ecosystem services at the global
scale (Parr et al., 2014), but also being underrepresented in ecology scientific
literature (Nufiez, Chiuffo, Pauchard, & Zenni, 2021). The biodiversity of tropical
savannas is high in number of species and in their uniqgueness (Murphy et al., 2016)
and because of the threats to their conservation (Parr et al., 2014), these ecosystems
are recognized as globally endangered (Bond & Parr, 2010). One of the main threats
these ecosystems face is biological invasions (Foxcroft, Richardson, Rejmanek, &
Pysek, 2010; Milton, 2004). In savannas of South America and Australia, invasive
alien grasses are one of the predominant groups of invaders (Foxcroft et al., 2010),
where they cause modifications in community structure (Damasceno et al., 2018),
functional diversity (Almeida-Neto et al., 2010), ecosystem processes (Rossiter-
Rachor et al., 2009), and fire regimes (Gorgone-Barbosa et al., 2015; N. A. Rossiter,
Setterfield, Douglas, & Hutley, 2003).

Using Urochloa decumbens (Hochst. ex A. Rich.) as a focal species we
investigated how the abundance-impact curves and the per-capita impacts of an
invasive alien grass varies across levels of ecological organization in the Cerrado
(Neotropical savanna). Cerrado is the second largest biome in South America,
covering originally more than 2 million km? (IBGE, 2004) and having more than
12,000 plant species, of which 30% are endemic to this system (BFG, 2015).
However, nearly a half of its area has been converted into agricultural uses, mostly
planted pastures, which now cover 31% of Cerrado original area (Souza et al., 2020).
Urochloa decumbens is the commonest used species for forming planted pastures
for cattle grazing (Brossard & Barcellos, 2005), representing a high risk for non-

invaded areas (Guimarées Silva et al., 2020) as well as causing negative impacts on
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biodiversity where they are already established (Damasceno et al., 2018; Pivello,
Shida, & Meirelles, 1999). As invasive alien grasses have negative impacts on both
abiotic (Assis, 2017) and biotic properties of Cerrado (Dairel & Fidelis, 2020); are
resilient to management actions at high densities (Assis, Pilon, Siqueira, & Durigan,
2020; Damasceno & Fidelis, 2020), and can lead to legacy effects (Zenni et al.,
2020), understanding their abundance-impact curves on recipient ecosystem is key
to inform when management actions should be taken to prevent possible transitions
to degraded states.

We adopted a hierarchical approach (Noss, 1990) to investigate the
relationship between the abundance of Urochloa decumbens and 1) microhabitat
(luminosity; air temperature and humidity at ground level); 2) plant traits (specific-leaf
area); 3) community structure, composition, and diversity; and 4) ecosystem
characteristics (biomass accumulation, carbon soil efflux and litter decomposition
rates). We expected to find linear negative effects of invader's abundance on
luminosity, and temperature and humidity fluctuations at the ground level owed to its
increased productivity (Fig. 1A). Using specific leaf area (SLA) values as a proxy for
plant photosynthetic efficiency, we hypothesized that as Urochloa decumbens
becomes more abundant in the community, its SLA would non-linearly increase due
to the intensification of intraspecific competition (Fig. 1B). We expect this curve to
reach a plateau at intermediate levels of invasion because of the physiological and
environmental constraining in SLA values (Lambers & Oliveira, 2019). As a result of
enhanced interspecific competition, we hypothesized the SLA of native dominant
species to increase through the invasion gradient. However, we expect this
relationship to be linear because only good competitors (high SLA) will persist in

heavily invaded communities (Fig 1C).
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Figure 1. Hypothesis suggested for the abundance-curve of Urochloa decumbens in relation
to properties of an invaded tropical savanna at distinct levels of ecological organization. A)
microhabitat (daily illuminance and air temperature at the ground level); B) Urochloa
decumbens specific leaf-area; C) specific leaf-area of dominant native species; D)
abundance, richness and diversity of plant communities; E) total aboveground biomass; F)
native aboveground biomass; G) CO- soil efflux; H) litter decomposition rates.

From the attenuation of the impacts of an IAS toward more complex levels of
ecological organization (Vila et al., 2011), we expected greater per-capita effects of
Urochloa decumbens at community than at ecosystem levels. We hypothesized non-
linear decreases of native plant abundance, richness, and diversity (Fig. 1D) with
increasing Urochloa decumbens abundance due to Urochloa negative impacts on
Cerrado biodiversity (Almeida-Neto et al.,, 2010; Damasceno et al., 2018). We
expected linear increases in aboveground biomass accumulation (Fig. 1E), as well as
in soil carbon efflux (Fig. 1F), across the invasion gradient due to higher
photosynthetic capacity of invasive alien grasses (Baruch et al., 1989). However, we
expected non-linear increases in litter decomposition rates (Fig. 1G) as it is a process
strongly limited by decomposition agents and chemical content of leaves (Bradford et

al., 2002).
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Materials and methods
Study areas

Fieldwork was conducted in two areas in the Cerrado (Neotropical savanna)
located inside protected areas: Estacdo Ecologica de ltirapina (EcEl; 700 meters
a.s.l; 22°14’40”S 47°52’29”W, Southeastern Brazil) and Parque Nacional de Brasilia
(PNB; 100 meters a.s.l; 15°41’43"S 47°54’18”W, Central Brazil). In both areas, we
chose non-converted landscapes invaded by Urochloa decumbens. Vegetation is
characterized by a continuous herbaceous layer dominated by Cas grasses
(Gymnopogon foliosus is the commonest species in ECEI and Arthropogon villosus in
PNB) with scattered shrubs and small trees and locally known as campo sujo. At
both sites, invasion started more than 30 years ago, during the 80’s in ECEI and the
90’s in PNB. The two study sites have deep (> 5 m) P-limited soils; ECEI presents
sandy Entisols while PNB have clay Oxisols (IBAMA & FUNATURA., 1998;
Zanchetta et al., 2006). The climate is classified as Cw inboth areas, with dry winters
and rainy summers. Monthly mean values of temperature and precipitation during
summer and winter are 23 °C and 300 mm and 18 °C and 150 mm for the PNB; and
22° C and 188 mm and 17 °C and 55 mm for the EcEl (IBAMA & FUNATURA 1998;
Zanchetta et al. 2006). EcEl is in the southern part of Cerrado, where the dry season
is shorter (Macena, Assad, Steinke, & Gustavo Miller, 2008) and mild frost events
are common (Brando & Durigan, 2004). Fire history during the last 20 years (1999 —
2019) differs between the two areas: PNB had burned five times in this period while

EcEIl had experienced no fire due to a fire exclusion policy.

Experimental design

We adopted a horizontal design (Sofaer et al.,, 2018) based on gradients of

invasion considering ground cover by Urochloa decumbens. As spatial heterogeneity
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of herbaceous vegetation varies according to scale in tropical savannas (Augustine,
2003), we adopted a two-step approach to better characterize the abundance of the
IAS. At a coarser scale, we defined an invasion gradient composed by five plots (5 x
5 m) representing 0, 25, 50, 75 and 100% of the IAS cover (Figure 1, Supporting
Information). We placed six gradients in each study area, totaling 12 gradients and
60 plots (5 plots x 6 gradient x 2 areas). Each plot was established at an
independently invaded patch that matched the expected cover by Urochloa
decumbens; i.e. the bigger invasion patches selected were sized 5 x 5 m,
corresponding to a totally invaded plot (100% of cover by the invasive species). Plots
within a gradient were separated apart by at least 10 m, gradients were distant from
each other by at least 50 m. To characterize the abundance of plant species at a
finer scale, every plot was divided into a core zone (3 x 3 m in the center) and a
marginal zone (a 1 m strip at every size of the plot). The core zone was then
subdivided into nine subplots (1 x 1 m) where vegetation surveys were conducted.
We then calculated the mean cover at the plot level using the values from its nine
1m? subplots. All samplings were conducted in March and April 2019, at the end of

the rainy season.

Data sampling

To evaluate the abundance-impact curve of the IAS on distinct levels of
ecological organization, we sampled data to characterize microhabitat conditions,
plant individual's performance, plant community and ecosystem properties.
Considering microhabitat conditions, we took hourly measurements of light incidence
and air temperature and humidity at soil surface using a kit composed of one HOBO

Pendant and one HOBO Pro v2 sensors. We chose to place one kit per plot to avoid
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pseudo-replication at the plot level. To minimize the effect of environmental
heterogeneity, we systematically placed the sensors at the same location in every
plot in relation to its vertices. Due to limitations in the number of sensors (40 kits were
available), we randomly selected four gradients in each area for this purpose (5 plots
x 4 gradient, total 20 kits/area). Sensors simultaneously remained in the field in both
areas for at least 130 days from the transition between rainy and dry seasons until
the mid of the dry season (April to August 2019).

Vegetation surveys were conducted at nine 1 m? subplots in the core zone of
plots (9 m?). We used a modified Braun-Blanquet method (Wikum & Shanholtzer,
1978) to assess community structure and composition. We visually estimated the
percentage of cover by every species using values of 0, 1, 5 and then every 10%
until 100%. Ground cover of herbaceous plants is traditionally used as an estimate
for plant abundance because it accounts for the varying size of individuals
(Damgaard, 2014). We classified native plant species in functional groups according
to their growth form: graminoids, forbs and shrubs. We also recorded the percentage
of bare soil and cover by dead biomass (standing dead biomass + litter), separately
for native species (total) and Urochloa decumbens.

Specific-leaf area measurements followed Pérez-Harguindeguy and
collaborators (2013). From vegetation surveys, we identified the dominant species in
the community, which together summed up to 80% of ground cover in the plot. For
those species, we collected fully-expanded and not damaged leaves from 10 distinct
random individuals (three leaves/individual). Leaves were carefully stored, re-
hydrated at the laboratory using petri dishes filled with water; and then measured
using a LI-COR LI-3000C. Species with delicate leaflets were measured using a

scanner Epson V800 and the P-trap software (Al-Tam et al., 2013). After being dried
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at 80°C for 48 hours in a drying oven, all leaves were individually weighted in an
electronic balance with 0.1 mg precision.

We quantified three ecosystem properties: biomass accumulation, CO2 soil
efflux and litter decomposition rates. Biomass accumulation was assessed by
sampling the aboveground biomass (three samples/plot) in 0.25 m2 plots. At the
laboratory, biomass was sorted out into dead and live Urochloa decumbens; native
live grasses, forbs and shrubs; and total native dead biomass. CO: soil efflux, a
proxy to carbon dynamics, was estimated by soda-lime incubation for 24 h as
proposed by Keith & Wong, (2006). We systematically placed one incubation
chamber in every plot after removing aboveground biomass. We used petri dishes
containing 25 mg of dried soda-lime incubated under opaque plastic chambers with a
diameter of 24 cm. Litter decomposition rates were assessed using litterbags
containing 5 g of Urochloa decumbens standing dead biomass. We opted to use
biomass of the IAS instead of litter from the plot-level community to standardize the
parental material across the invasion gradient. Litterbags were left directly on the
ground for 90, 120 and 160 days following the methodology described in Karberg,

Scott, & Giardina (2008).

Statistical analysis

We used the mean percentage cover by Urochloa decumbens in every plot
(obtained from its nine 1m2 subplots) as the fixed continuous predictor variable.
Every response variable was set to depend on Urochloa decumbens cover by a
generalized additive mixed model (GAMM) to allow non-linear abundance-impact
relationships. For every response variable, we used the gamm function from mgcv

package to create an additive model with the maximum number of base functions (k)
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as suggested by Wood (2011). We specified a penalized cubic regression spline by
the Penalized Quasi-Likelihood estimation method for the smooth function of the
predictive variable. Frequency distribution of response variables depended on their
characteristics as presented afterwards. We included gradient within area as random
effects in all models due to nested design of the experiment.

Before analysis, data from microhabitat conditions was summarized by
calculating the daily total illuminance (sum of all measured values during a 24 h
period) and daily amplitudes of air temperature and humidity (the maximum values
minus the minimum values registered during a 24 h period). We then considered
these entities as response variables in relation to the abundance of Urochloa
decumbens. We used a Gamma distribution with a log link.

To separately understand how SLA of Urochloa decumbens and of native
dominant species varied across the invasion gradient, we constructed three models
for the abundance-impact relationship between the invader and SLA values. First, we
investigated how the SLA of Urochloa decumbens varied throughout the invasion
gradient. Secondly, we selected the dominant native species (species which together
summed up to 80% of ground cover in the plot) to investigate how the increase in
cover by the IAS would affect the SLA of native species. Finally, we investigated the
SLA of the dominant species in the communities independently of their origin
(Urochloa decumbens and native species pooled together). We considered data at
the level of leaves, including plant individual, species, and plot as random effects
within gradient and area.

At the community level, we modeled Urochloa decumbens effect on ground
cover by functional components: live native grasses, forbs, and shrubs; native dead

biomass; and bare soil. These response variables were set to follow a negative
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binomial distribution with automated estimation of the theta dispersion parameter.
Due to the experimental design (subplots nested inside plots), we included plot as a
nested random variable within gradient and area for models considering ground
cover. Still at the community level, we investigated the effect of Urochloa decumbens
abundance on total native species richness and on richness considered by plant
growth form (grasses, forbs, and shrubs); as well as Shannon’s diversity and Pielou’s
evenness.

Litter decomposition rates (k) were calculated using the equation Xi¢/Xo = e,
where Xt is the mass at time t and Xo is the mass at the beginning of the experiment
(Karberg et al., 2008). All analyses were conducted in R software (R Core Team,
2020) using the packages mgcv (Wood, 2011), ggplot2 (Wickham, 2009) and cowplot

(Wilke, 2019).

Results

Throughout the abundance gradient, abundance-impact curves and per-capita
effects of Urochloa decumbens on Cerrado varied across and within levels of
ecological organization (Table 1). At microhabitat level, for example, we found non-
linear, linear and no relationship between the invader’'s abundance and bare soil
cover, daily illuminance, and daily range of air relative humidity; respectively.

Abundance-impact curve of Urochloa decumbens on bare soil cover followed
a non-monotonic relationship, evidencing changing per-capita impact in relation to
the cover of the invader. The relationship was positive when the invasion increased
up to moderate levels (40%) and negative afterwards, with higher per-capita impact
(steeper slope) after the inflexion point (Fig. 2A). Conversely, per-capita impacts on

daily illuminance were higher at invader lower densities (Fig. 2B) and constant on
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daily range of air temperature (Fig. 2C); both variables were negatively related to
Urochloa decumbens abundance. We did not find an abundance-impact curve for the

daily range of air relative humidity.

Table 1. Summary statistics of generalized additive mixed models (GAMM) evaluating the
relationships between abundance by the invasive alien grass Urochloa decumbens and
properties of the invaded Cerrado (Neotropical savanna).

Level of _ Urochloa decumbens cover
organization Response variable F-statistic p-value
Bare soil cover (%) 4.71 0.02
Microhabitat Total daily iIIurT]inance (Ix) 6.91 0.01
Temperature daily range (°C) 5.95 0.01
Humidity daily range (°C) 2 0.16
SLA of Urochloa decumbens (mm2.mg) 0.11 0.40
individual SLA of native dominant species 0.97 032
(mm2.mg-1)
SLA of dominant species (mmz2.mg-1) 33.73 <0.01
Cover by native shrubs (%) 39.31 <0.01
Cover by native graminoids (%) 4.05 <0.01
Cover by native forbs (%) 5.93 0.04
Cover by native dead biomass (%) 74.76 <0.01
Community Native grass richness (n) 32.38 <0.01
Native forb richness (n) 4.34 0.04
Native shrub richness (n) 1.91 0.2
Total native richness (n) 19.11 <0.01
Shannon’s diversity index 3.74 0.06
Pielou’s evenness index 1.41 0.24
Urochloa decumbens biomass (kg.m) 54.38 <0.01
Native biomass (kg.m) 31.24 <0.01
Ecosystem Total biomass (kg.m) 3.95 0.05
Soil CO; efflux (g.C.m2.day?) 0.15 0.72
Decomposition rate (day™?) 0.4 0.53

We did not find relationships between Urochloa decumbens abundance and its
specific-leaf area (SLA), which was around 20 mm2.mg? across the invasion
gradient (Fig. 3A). The SLA values of native dominant species (that together

summed up to 80% of cover) were also not related to the abundance of the invasive
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species (Fig. 3B). However, when we considered the invader and native species
pooled together to represent the dominant species, we found a positive linear
abundance-impact curve, and therefore a constant per-capita impact of Urochloa

decumbens on SLA values at community level (Fig. 3C).
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Figure 2. Abundance-impact curves of Urochloa decumbens on microhabitat conditions in a
tropical savanna. A) bare soil cover (%); B) daily illuminance (Ix); and C) daily range of air
amplitude at soil level (°C) in relation to cover by Urochloa decumbens. Solid lines are the
predicted values from the GAMM models, smooths are the 95% confidence intervals. Black
segments are tangents to the abundance-impact curve and represent the curve’s slope.
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Figure 3. Effects of invasive grass abundance on specific-leaf area values (mm2 mg?) of plant
species in a tropical savanna. Specific-leaf area of A) Urochloa decumbens; B) native dominant
species; and C) dominant species in the community (invasive and native species pooled together)
in relation to cover by Urochloa decumbens. Solid line is the predicted values from the GAMM
model, smooth is the 95% confidence interval.

We found varying per-capita impacts of Urochloa decumbens on ground cover
by native growth forms. Per-capita effect on native shrubs cover varied from positive
to negative, with an inflexion point around 30% of cover by the invasive species (Fig.

4A). Abundance-impact curves on ground cover by native graminoids (Fig. 4B),

62



native forbs (Fig. 4C), and native dead biomass (Fig. 4D) were negatively
monotonical and revealed higher per-capita impacts of Urochloa decumbens up to
intermediate levels of invasion (60%). Conversely, per-capita impacts on richness of
native graminoids and native forbs were negative and constant along the invasion
gradient (Fig. 5A and 5B). Negative per-capita effects of Urochloa decumbens on
total plant richness became more pronounced from low to high levels of invasion
(Fig. 5C). Despite decreases in plant richness, we only detected a marginally
significant reduction in diversity, measured as Shannon’s index, in relation to cover
by Urochloa decumbens (Table 1). We did not find an effect of Urochloa decumbens

abundance on the richness of native shrubs or on Pielou’s evenness index.
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Figure 4. Abundance-impact curves of Urochloa decumbens on ground cover (%) by growth
forms in a tropical savanna. Ground cover by native A) shrubs; B) graminoids; C) forbs; and D)
dead biomass in relation to cover by Urochloa decumbens. Solid lines are the predicted values
from the GAMM models, smooths are the 95% confidence intervals. Black segments are tangents
to the abundance-impact curve and represent the curve’s slope.
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Figure 5. Abundance-impact curves of Urochloa decumbens on native plant species richness (n)
in a tropical savanna. Plant richness of A) graminoids; B) forbs; and C) total species in relation to
cover by Urochloa decumbens in plots of 9 m2. Solid lines are the predicted values from the
GAMM models, smooths are the 95% confidence intervals. Black segments are tangents to the
abundance-impact curve and represent the curve’s slope.

At the ecosystem level, we only found abundance-impact curves of Urochloa
decumbens on biomass accumulation. We found varying per-capita impacts of
invader when we considered only invasive or only native biomass (Fig. 6A and 6B).
Despite following opposite trends, per-capita impacts on these variables were
attenuated at higher densities of invader, where slopes approached to zero. We also
detected a constant positive per-capita impact of the invader on total biomass (Fig.
6C). Considering the other ecosystem properties, neither CO:2 soil efflux nor

decomposition rates were related to the invasive species abundance (Fig. 7).
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Figure 6. Abundance-impact curves of Urochloa decumbens on plant aboveground biomass
(kg.m2) in a tropical savanna. Biomass of A) Urochloa decumbens; B) native species and C) total
(native + invasive alien species) biomass in relation to cover by Urochloa decumbens. Solid lines
are the predicted values from the GAMM models, smooths are the 95% confidence intervals.
Black segments are tangents to the abundance-impact curve and represent the curve’s slope.
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Figure 7. Effects of invasive alien grass abundance on carbon cycle in a tropical savanna. A) CO;
soil efflux (gCm-2day); and B) decomposition rate (day™?) in relation to cover by Urochloa
decumbens.

Discussion

Across an invasion gradient, the per-capita effects of Urochloa decumbens on
invaded areas of open savannas of the Cerrado varied depending on the level of
ecological organization at which impacts were accessed. The most varying effects
were detected on community composition (abundance of native plants), but also on
community structure and microhabitat. At organism (SLA values) and ecosystem

levels, abundance-impact curves tended to be linear or non-existent.

Per-capita effect of Urochloa decumbens varied the most on ground cover by
bare soil and native shrubs, going from positive to negative across the invasion
gradient. Both variables were positively affected by increases in invader’s cover up to
intermediate levels of invasion (~40%) and linearly decreased afterwards. Despite
expecting non-linear trends, we did not expect the per-capita effects of Urochloa
decumbens on any of the variables measured to change between positive and
negative values. However, the pattern found for bare soil can be understood

considering the invasion dynamics (sensu Hui & Richardson, 2017) of Urochloa
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species (Assis, 2017). In tropical savannas, the expansion of these grasses usually
relies on colonization by seeds (but see Dias-Filho, 1983), resulting in many sparse
individuals being established around a founder individual. Due to greater per-capita
effect on native graminoids (Fig 3B), these isolated Urochloa decumbens individuals
reduced the cover by native grasses thus, increasing bare soil cover. At intermediate
levels of invasion, the isolated tussocks have grown and started to amalgamate into
a continuous layer, resulting in linear decreases of bare soil cover (Assis, 2017) and
homogenization in the structure of the herbaceous layer in savannas (Lindsay &

Cunningham, 2012).

Interestingly, we found different per-capita effects of Urochloa decumbens on
total daily illuminance and on daily temperature amplitude. The former was reduced
the most when the invader was at lower densities and per-capita effect did not vary
on the latter. These results can be explained by the small-scale heterogeneity of
herbaceous communities in savannas (Augustine, 2003). Differently from evaluation
of ground cover, which was repeatedly sampled inside a plot (nine 1m2 subplots) to
account for small-scale heterogeneity of the herbaceous layer, microclimatic
variables were assessed with one sensor per plot due to limitation in the number of
sensors. The greater per-capita impact of Urochloa decumbens on daily illuminance
at low levels of abundance of the invader could be due to the replacement of native
grasses by the invader’s tussocks, which are denser (Fisher & Kerridge, 1996; Pilon,
Durigan, et al., 2021). Contrary to illuminance, which is spatially dependent on the
surrounding vegetation, variations in air temperature are not spatially structured at
the microscale, which resulted in a constant per-capita effect of Urochloa decumbens

in buffering daily range of air temperatures.
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The abundance of Urochloa decumbens was neither related to the specific-
leaf area of dominant native species, nor with its own SLA values. The presence of
the invasive species seemed to not affect the investment that co-occurring native
plants are putting into photosynthetic tissues. Moreover, the constant SLA values of
Urochloa decumbens across the invasion gradient indicates that this species is
consistently at high photosynthetic rates, a common trait found in invasive species
(Feng, Fu, & Zheng, 2008). Accordingly, our results are similar to SLA values
registered for Urochloa decumbens in optimal growth conditions at planted pastures
(Dias-Filho, 2000) as well as for other species from the same genus (Zanchi et al.,
2009). However, when the whole community was considered together (invasive and
native dominant species pooled together), we found a constant per-capita effect of
Urochloa decumbens on SLA values, which reached a maximum of circa 20 mm?mg-
1 on totally invaded communities. This results from the replacement, across the
invasion gradient, of native species with lower SLA by Urochloa decumbens.
Because of the relationship between SLA and photosynthetic efficiency, the increase
in SLA values indicates that totally invaded have greater primary productivity than
non-invaded areas (Lambers & Oliveira, 2019). This is expected since invasive
grasses usually have higher photosynthetic rates and higher productivity than native

species in invaded savannas (Setterfield et al., 2013; Silva & Haridasan, 2007).

Changes in community composition and biomass accumulation

The per-capita effect of Urochloa decumbens on communities’ composition
varied among the different growth forms. Invasive alien plants occupy niches already

existing in the functional space of invaded communities (Loiola et al., 2018) and,
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therefore, due to niche overlapping, invasive alien grasses are more detrimental to
functionally similar grasses on recipient savannas (Damasceno et al., 2018; Foxcroft
et al., 2010). Our results evidence that these negative effects are more pronounced
at initial and intermediate levels of invasion, when the per-capita effect of the invader
on native grasses abundance is greater. Conversely, per-capita impact on the
richness of native grasses is constant across the invasion gradient. This indicates
that despite causing higher impacts on cover by native grasses at lower levels of
invasion, Urochloa decumbens promotes exclusion of local species independent of
its abundance across the invasion gradient. In other words, Urochloa decumbens is
not only reducing the abundance of dominant invasive grasses, like Gimnopogon
foliosus in EcEl and Arthropogon vilosus in PNB, but also of the less common
grasses, which are lost even at low levels of invasion, like Andropogon
leucostachyus in ECEl and Paspalum pectinatum in PNB. This result is fundamental
to inform management plans for the endangered biodiversity of Cerrado (Strassburg

et al., 2017) as rare species might be lost since initial levels of invasion.

Per-capita impact of Urochloa decumbens on cover by forbs was greater at
the beginning of the invasion gradient. This is consistent with the sensibility of forbs
to shading by invasive alien grasses (Coleman & Levine, 2007), which from the
beginning of the invasion processes decrease light availability at the ground layer.
However, forb richness decreases steadily across the invasion gradient, suggesting
that rare and specialist species are being lost at lower levels of invasion and common
and generalist species at higher levels of invasion (Almeida-Neto et al.,, 2010).
Shrubs, which in general are less impacted by invasive alien grasses (Flory & Clay,
2010a, 2010b), benefitted from the reduction in grasses’ abundance, and had their

cover increased up to intermediate levels of invasion. However, contrary to previous
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studies ( Assis, 2017; Hoffmann & Haridasan, 2008), our study led to the detection of
a negative effect of invasive alien grasses on Cerrado shrubs at highly invaded
areas. This reduction seems to be caused by belowground competitive interactions
(Levine et al., 2003), since shrubs are usually taller than Urochloa species and do not
suffer from modifications of aboveground abiotic conditions (Assis, 2017). Plant
richness, as well as cover by native biomass, was reduced the most at intermediate
levels of invasion. These results are similar to the effects of Urochloa decumbens on
bare soil and seems to derive from the mechanics of invasion by Urochloa species
(Assis, 2017). Moreover, the higher per-capita effects of Urochloa decumbens
individuals on native plant richness at intermediate levels of invasion alerts for the
caveats of monitoring impacts of IAS only by diversity metrics. If these impacts were
accessed using only total species richness, management actions could be wrongly

delayed to a moment when rare grass and forb species could already be lost.

We found lower per-capita effect of Urochloa decumbens on its total biomass
at higher levels of invasion, suggesting a stagnation in the system primary
productivity (Lambers & Oliveira, 2019). Moreover, it also indicates that the IAS is not
facing strong intraspecific limitations, what was also observed from its optimum
photosynthetic activity (high and constant SLA values) even in highly invaded areas.
Due to local exclusion of native species, per-capita effects of Urochloa decumbens
on native biomass were constant, causing a linear decrease of total, dead,
graminoids, forbs and shrubs biomass across the invasion gradient, whether they
were considered together or independently. Despite this decrease in native biomass,
system total biomass linearly increased, implying a higher productivity of invaded

areas.
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Stability of carbon cycling

Contrary to studies in which invasive alien grasses have altered
biogeochemical cycles in different types of ecosystems (Drenovsky & Batten, 2007,
Evans, Rimer, Sperry, & Belnap, 2001; Litton, Sandquist, & Cordell, 2006; Reed,
Seastedt, & Blair, 2005; Rossiter-Rachor et al., 2009), including changes of carbon
and nitrogen distributions across the soil profile (Garcia, Xavier, Camargo, Vieira, &
Pivello, 2022), we did not find the abundance of Urochloa decumbens to alter soil
COz2 efflux and litter decomposition rates. This result indicates that the impacts of
invasive grasses on ecosystem properties are more complex than at the community
level, as described for invasive plants (Vila et al., 2011) and expected by us.
However, our findings could also reflect the choice to use Urochloa decumbens
biomass as the parent material for the litter decomposition experiment, since it has
been demonstrated the presence of chemical allelopathic compounds in Urochloa

dead biomass (Barbosa, Pivello, & Meirelles, 2008).

Those results indicate that despite increasing the accumulated aerial biomass
and transforming the microhabitat and plant communities, Urochloa decumbens does
not affect the carbon cycle in invaded areas. This ecosystem stability can be
attributed to the functional redundancy between the Cs invader and Cas native
dominant grass (Rosenfeld, 2002), as similarly found for another IAS (Castro-Diez,
Pauchard, Traveset, & Vila, 2016). Finally, decomposition is a process driven by
many factors (Garcia-Palacios, Shaw, Wall, & Hattenschwiler, 2016) being the
community of decomposer agents one of the most important in open physiognomies
(Bradford et al., 2002; Smith & Bradford, 2003). Despite some evidence that invasive

grasses may alter microbial communities (Batten, Scow, & Espeland, 2008; Sartori,

70



2012) including by legacy effects (Zenni et al., 2020) the presence of Urochloa

decumbens did not alter decomposition rates.

Apparently, the stability of carbon efflux and decomposition is contradictory to
the increases in biomass accumulation promoted by Urochloa decumbens.
Nevertheless, when these processes are considered altogether, an unexpected
conclusion emerges, that productivity of invaded areas would be greater during early
stages of invasion but would return to pre-invasion levels once the area is completely
covered by the invasive alien grasses. This conclusion is driven by the facts that 1)
decomposition rates are not altered by the IAS; 2) biomass accumulation stabilizes at
completely invaded areas; 3) there is no consumption of the accumulated biomass by
fire or herbivores. Consequently, productivity would be reduced by the immobilization

of nutrients and by the lack of empty spaces resulting from biomass accumulation.

Conclusions

In an invaded tropical savanna, Urochloa decumbens promoted negative
impacts at microhabitat, individual and community levels, but did not alter the carbon
cycle (carbon soil efflux and decomposition rates). This indicates that despite the
functional redundancy between Urochloa decumbens and the native dominant
grasses it excludes, it exerts negative impacts on biodiversity. Moreover, due to its
varying per-capita effects on community composition and species loss, management
actions should be taken at early stages of invasion to prevent negative impacts.
Despite not altering carbon cycle, indirect impacts of Urochloa decumbens on
ecosystem functioning could occur via trophic cascades, already documented for

planted pastures (Almeida, Louzada, Sperber, & Barlow, 2011; de Queiroz et al.,
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2020), but not for invaded areas. Finally, studies designed to address impacts of
invasive alien grasses on functioning of the Cerrado are needed to evaluate if other
biogeochemical cycles are being altered, as already identified for C4 invasive grasses
in other open ecosystems (Holly, Ervin, Jackson, Diehl, & Kirker, 2009; Reed et al.,
2005) including tropical savannas (Douglas, Setterfield, Rossiter, Barratt, & Hutley,

2004; Rossiter-Rachor et al., 2009).
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Abstract

The ecological impacts of an invasive alien species (IAS) are associated with
its abundance. In South American savannas, the abundance of invasive alien
grasses is related to changes in ecological properties from microhabitat to ecosystem
level. Due to the natural occurrence of fire, prescribed burnings could be used as a
management tool to control these invasions, with experimental studies revealing
mixed evidence of its efficacy. Invader’s abundance could be one of the unmeasured
factors driving divergent fire outcomes. We evaluated how the abundance of the
invasive African grass Urochloa decumbens modulated fire outcomes in the Cerrado,
the Brazilian savanna. Across invasion gradients, we sampled microhabitat, specific-
leaf area, community composition and ecosystem process in control/fire plots before
and after (seven months post-fire) two annual prescribed burnings. The abundance
of the invader modulated fire effects on microhabitat, individual and community
levels, as well as in the accumulation of live native biomass. We found invader’s
abundance to not influence unambiguous effects of fire, like the reduction of
accumulated dead biomass and the increase in gaps within vegetation. Also,
Urochloa decumbens abundance did not influence fire effects on its own biomass, as
well as on decomposition rates and CO: soil efflux. We found fires to benefit, in the
short-term, native biodiversity in communities with all levels of invasion by Urochloa
decumbens. Altogether, prescribed burnings could be considered as a management
option for management plans tailored to reduce the negative impacts of invasive

alien grasses in tropical savannas.

Key-words: invader's abundance; invasive alien grass; fire management; prescribed
burning; tropical savanna
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Introduction

From the beginning of the invasion process the abundance of an invasive
alien species (IAS) tends to increase through time (Hui & Richardson, 2017). Directly
related to its abundance are the ecological impacts caused by invasive alien plants,

irrespective of their growth-form or invaded system (Dresseno et al., 2018; lannone
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et al., 2015; Tererai et al., 2013; Zhang et al., 2020). Among the ecological impacts
driven by invasive alien plants’ abundance are changes in soil microorganism
communities (Grace et al., 2019; Zhang et al., 2020); mycorrhizal (Sun, Gao, & Guo,
2013) and root-rhizobium associations (Le Roux, Mavengere, & Ellis, 2016), as well
as community structure and composition (Tererai et al., 2013) and on ecosystem
functions like pollination and food networks(Dietzsch, Stanley, & Stout, 2011;

Gillespie & Elle, 2018) and disturbance regimes (Taylor et al., 2017).

Alien grass invasions in tropical savannas occur mainly in Australia and South
America, being caused by species native to the African continent (Foxcroft et al.,
2010). Invasion by alien grasses have been recognized as threats for the
conservation of tropical savannas in Australia (Rossiter, Setterfield, Douglas, Hutley,
& Cook, 2004) and in South (Martins et al., 2011; Pivello et al., 1999; Williams &
Baruch, 2000) and North America (Brewer, 2008). In these ecosystems, they cause
plenty of negative ecological impacts, such as changes in community structure
(Hoffmann & Haridasan, 2008) and composition (Damasceno et al., 2018);
ecosystem functioning (Rossiter-Rachor et al., 2009); food webs (Cook & Grice,
2013) and disturbance regimes (Gorgone-Barbosa et al., 2015; Setterfield et al.,
2013). Moreover, due to the non-equilibrium dynamics of tropical savannas
(D’Odorico et al., 2006), invasive alien grasses can drive invaded ecosystems
towards a degraded stable state by modifying system’s feedback mechanisms
(Brooks, Setterfield, & Douglas, 2010) and thus, influencing its degradation and

restoration (Suding et al., 2004).

The abundance of IAS is also key to inform management plans (Garcia-Diaz
et al., 2021) and restoration efforts (D’Antonio, August-Schmidt, & Fernandez-Going,

2016). At low levels of invasion, the management of invasive alien plants usually
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aims at its eradication with punctual actions tailored towards invader’s individuals.
However, in heavily invaded areas, management actions are generally broader in
scope, both in space and time, and aim for reduction of invader's abundance and
spread into new areas instead of eradication of the IAS, which is difficult to reach at
these stages (Blackburn et al., 2011). Accordingly, management of invasive alien
grasses at low levels of invasion focus on removing the established individuals
without hampering native vegetation by, among others, hoeing, cutting and local
herbicide application. When the IAS is widespread and covers large areas, the high
costs of using such techniques might prevent their adoption despite their high
efficacy (Assis, Pilon, Siqueira, & Durigan, 2021). Thus, management techniques that
are cheaper and can be applied to large areas are usually preferred, like the use of
prescribed burnings, singly or in association to other techniques (Assis et al., 2021,

DiTomaso et al., 2006; Symstad, Buhl, & Swanson, 2021).

Despite the importance of invader's abundance on the selection of
management techniques, few studies have addressed this question (Symstad et al.,
2021). In this sense, invader’'s abundance could be one of the underlying — but not
assessed — factors influencing diverging results of prescribed burnings to control IAS,
such as invasive alien grasses in tropical savannas. There is mixed evidence on the
efficacy and utility of using prescribed burnings to manage this type of invasion.
Since fires are an element present in their evolutive history (Frost & Robertson,
1985); positive and negative feedbacks between invasive grasses and fire have been
documented (Alba, Skalova, Mcgregor, D’Antonio, & Pysek, 2015; Assis et al., 2021;
M. L. Brooks et al., 2004; Damasceno & Fidelis, 2020; Holzmueller & Jose, 2012;

Lippincott & Johns River, 2000; Rossiter, Setterfield, Douglas, & Hutley, 2003).

Using a BACI (before-after, control-impact) design, we evaluated how the
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abundance of Urochloa decumbens, an African grass invasive in South American
tropical savannas, influences the effect of prescribed burnings in the Cerrado. We
compared burned and unburned plots across gradients considering the abundance of
the IAS. Specifically, we evaluated how two annual burnings changed Urochloa
decumbens impacts on microhabitat conditions, specific-leaf area of dominant
species, community structure and composition, biomass accumulation, CO2 soil
efflux, and decomposition rates. We hypothesized that annual prescribed fires would
result in greater changes in invader's impacts at intermediate levels of Urochloa
decumbens abundance. Our reasoning derives from three tenets: 1) non-invaded
communities will be resilient to the disturbance caused by prescribed burnings, since
they had evolved under natural fires (Simon et al., 2009); 2) at intermediate levels of
invasion fire would enable co-existence between invader and native species by
temporarily altering competitive relationships, allowing system’s recovery from
invader negative impacts; and 3) heavily invaded areas would be already impacted
by the presence of Urochloa decumbens and with less potential to recover from

invader’s negative impacts (Damasceno & Fidelis, in preparation).

Material and Methods

Study area

Our study was conducted in Parque Nacional de Brasilia (PNB; 15°41°43” S
47°54’18” W), a protected area in the Cerrado. The Cerrado is the richest savanna in
the world in plant species and it is classified as one of the world hotspots for
biodiversity conservation due to its unique flora and to the permanent threats to its

conservation (Colli, Vieira, & Dianese, 2020). PNB has a seasonal climate with dry
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winters (23°C and 185 mm) from April to September and rainy summers from
October to March (18°C and 25mm; Macena, Assad, Steinke, & Gustavo Miiller,
2008). PNB has deep (> 5 m) clayish Oxisols, with low contents of phosphorus and
nitrogen (IBAMA & FUNATURA., 1998). The study area is characterized as campo
sujo (Ribeiro & Walter, 2008), an open savanna vegetation with a continuous
herbaceous layer dominated by Ca grasses, where small shrubs (< 2 m) and
scattered trees (< 5 m) can also be found. During the last 20 years the experimental
area has been burnt five times, the last one in 2017, two years before the

establishment of the experiment.

Experimental design

We chose an open savanna site invaded by Urochloa decumbens for 20 years
(non-intentional introduction). Our experimental design followed a BACI type (Smith,
2012) and had the plot (5 x 5 m) as the sampling unit. We established six invasion
gradients based on the cover by the IAS. Each gradient was composed by five plots
representing 0, 25, 50, 75 and 100% ground cover by Urochloa decumbens. Every
two gradients formed a block, one gradient to be left unmanaged (control) and one to
be burned (fire treatment). We had a total of 30 plots divided into three blocks (5
plots x 6 gradients). Plots were established into independent invaded patches
corresponding to the desired cover by the invasive species, from non-invaded (0% of
cover by Urochloa decumbens) to totally invaded plots (100% cover by Urochloa
decumbens). Blocks were at least 50 m apart while plots inside a gradient were 10 m

apart.

We collected vegetation data in the central portion of the plot (3 x 3 m) and
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destructive sampling, like biomass sampling, in remaining one-meter strip towards
plot's borders. We conducted two experimental burnings in the middle of the dry
season, in October in 2019 and in September in 2020. We opted for this fire season
in order to maximize fire effects on reducing invader's biomass (Damasceno &
Fidelis, 2020). Aiming to apply the same fire conditions to all plots within a gradient,
we burned the entire gradient at once using head-fires lit during the day by PNB fire

brigade.

Sampling

We collected data in two sampling seasons (2019 and 2021) to characterize
the ecological system before and after the execution of the prescribed burnings. Both
samplings were conducted at the end of the rainy season (March/April), after
vegetation had achieved its growing peak. Pre-fire sampling was conducted five and
six months before burning. The post-fire sampling was collected seven months after
the execution of the last prescribed burning. In every sampling season, we recorded

ecological variables from microhabitat to ecosystem level as described below.

We used HOBO kits (composed by one HOBO Pendant and one HOBO Pro
v2 sensors) to obtain hourly measurements of illuminance and temperature at the
ground level. Because of the limitation in the numbers of kits (20 kits), we randomly
selected two blocks to be sampled. To avoid biases in the location in which kits were
left, we systematically placed one kit per plot at the same point in relation to its
vertices. Kits remained in the field for at least 130 days, from the transition between
the rainy-dry season (March/April) to the end of the dry season (August/September).

We assessed community composition by visual estimation of cover by every
94



species present in the plots, including Urochloa decumbens. Due to the spatial
heterogeneity of the herbaceous layer in tropical savannas (Augustine, 2003) and to
follow the Braun-Blanquet method (Wikum & Shanholtzer, 1978), we divided the core
zone of plots (9 m?) into nine 1 m2 subplots where vegetation cover was always
estimated by the same person. We visually estimated the cover by plant species
using values of 0, 1, 5 and then every 10 up to 100% of cover from the projection of
its canopy to the ground layer. Therefore, the total cover of a plot was allowed to
surpass 100% due to the tridimensional organization of plant individuals. We also
assessed the bare soil percentage and cover by dead biomass (standing + litter); the
latter was estimated for the native and invasive biomass separately. We grouped

native plant species according to their growth-form: grasses, forbs, and shrubs.

At the plant’s individual level, we sampled the specific-leaf area of dominant
species in the communities. These dominant species were selected based on their
abundance: we ranked down all species by their cover and starting from the most
abundant, we sampled additional species until they had represented at least 80% of
cover in every community. Following Pérez-Harguindeguy and collaborators (2013),
we collected three leaves/individual and ten individuals/species to account for trait
plasticity. After collection, leaves were carefully stored in paper bags; at the
laboratory they were rehydrated and had their area measured using a LI-COR LI-
3000C equipment. Delicate leaflets were scanned using a scanner Epson V800 and
had their area quantified using the P-trap software (Al-Tam et al., 2013). After
measurements, all leaves were dried in a drying oven at 80°C for 48 hours and

weighted in an electronic scale with 0.1 mg precision.

We randomly sampled plant aboveground biomass on the marginal zone of

plots using 0.5 x 0.5 m quadrats. We sampled three subplots per plot to minimize the
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effects of spatial heterogeneity. We collected every sample by cutting all standing
biomass at the ground level and by gathering the litter inside the subplot. At the
laboratory, biomass was sorted out into Urochloa decumbens biomass (live or dead);
native graminoids, forbs and shrubs (all live biomass); and native dead biomass.
After that, biomass was dried in a drying oven at 80°C for 48 hours and then

weighted.

We measured CO: soil efflux by placing incubation chambers with soda lime
(CaO/NaOH) in every plot following Keith & Wong (2006). We used 7 cm petri dishes
with 25 mg of soda lime incubated for 24 hours inside opaque plastic chambers with
a radius of 12 cm. The CO:2 efflux was calculated from the difference in soda lime
weight before and after incubation. We assessed decomposition rates using
aluminum litter bags (20 cm x 20 cm) left on bare ground for 90, 120 and 160 days
(Karberg et al., 2008) from April to August. We standardized parent material across

the invasion gradient by using 5 g of Urochloa decumbens biomass in all bags.

Statistical analysis

We used generalized linear mixed models (GLMM) to analyze the main effects
of annual fires. As we were interested in comparing the effect of management action
(burning x control) at every level of invasion (0, 25, 50, 75 and 100% of cover by IAS)
in two sampling seasons (before and after the experiment, in 2019 and 2021
respectively), we set a fixed effect with treatment within invasion level within sampling
occasion for all models. We added random effects accounting for the nested design
of gradients within the block. When measurements were carried out at the subplot

level (microhabitat, SLA, biomass, and decomposition), we used the plot weighted
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mean as a response variable. Despite losing predictive power in doing so, we opted
to use plot-level data to reduce the complexity of nested effects in models, which
already accounted for gradient and block. For community multivariate analysis, we
also calculated the mean cover of every species at the plot level from its nine 1 m2
subplots. We compared the effect of treatment within the invasion level within a year
by pairwise comparisons corrected for multiple comparisons using the Monte Carlo
method. We used the Gamma and Negative Binomial distributions for continuous and

discrete numeric variables, respectively.

Considering every plot as a community, we counted native plant richness, and
calculated Shannon’s diversity and Pielou’s evenness indices. We also conducted a
Principal Coordinate Analysis (PCoA) to evaluate how plant composition caused the
differentiation of communities. For this analysis we considered every sampling of a
plot as a community (30 plots sampled twice; 60 communities in total) to be included
in the PCoA analysis. We used the mean cover by every species at the plot level
(calculated from plot’s nine subplots) to generate the dissimilarity matrix using the
Bray-Curtis distance. We used the R software (R Core Team, 2020) and the
packages Ime4 (Bates, Machler, Bolker, & Walker, 2015), emmeans (Lenth, 2021),

multcomp (Hothorn, Bretz, & Westfall, 2008), and vegan (Oksanen et al., 2016).

Results

Overall, the effects of burning were modulated by the abundance of Urochloa
decumbens for most of the ecological properties assessed in this study
(Supplementary material, Table 1). Fires did not influence the cover of live Urochloa

decumbens across its invasion gradient (Supplementary Material, Fig. 1). The
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influence of invader’s abundance on the effects of fire varied among the microhabitat
conditions (Fig. 1). Seven months after fire, burned plots presented greater bare soll
percentage throughout the invasion gradient (Fig. 1A). However, this increment in
gaps did not increase light conditions in all plots. Prescribed burnings resulted in
increased light availability in plots with the highest abundance of the invader (Fig. 1B)
and in increased air temperatures at ground level in communities with 25% cover by
Urochloa decumbens (Fig. 1B). Prescribed burnings did not affect SLA values of
native species across the invasion gradient (Fig. 2A). Alternatively, fire decreased
SLA of Urochloa decumbens in communities where the invasive species had 50%

and 75% cover (Fig. 2B).

Fire greatly influenced native biomass accumulation across the invasion
gradient (Fig. 3). Dead biomass of native plants was reduced by fires in all burned
plots independently of the invader's abundance (Fig. 3C). Distinctly, native live
biomass was promoted by fires in communities with low levels of invasion (25%) or
totally invaded by Urochloa decumbens (Fig. 3D). Live biomass of native graminoids
was promoted by fire only in totally invaded communities (100% of invasive species
cover, Fig. 3E). Fire affected neither live biomass of native forbs nor shrubs, as well
as total, live or dead biomass of Urochloa decumbens independently of invader’s
abundance across the invasion gradient (Supplementary material, Fig.2 and Fig. 3).
Despite their effect on native biomass accumulation, fires did not interact with
Urochloa decumbens abundance to influence decomposition rates or CO2 soil efflux
(Supplementary material, Fig. 4, Fig. 5). Considering community diversity (Fig. 4),
fires only increased species richness in communities with 50% cover by Urochloa
decumbens (Fig. 4A). In these plots (9 m?2), mean native plant richness increased

from 21 to 45 species from 2019 (before) to 2021 (seven months after the second
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burning), while in unburned plots it decreased from 32 to 29. Despite not affecting
Shannon-Weaver’'s index, prescribed burnings increased Pielou’s evenness in

communities with 25% or 100% of cover by Urochloa decumbens (Fig. 4B and 4C).
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Figure 1. Effects of two annual prescribed burnings on microhabitat conditions at ground
level in a tropical savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75
and 100% cover by the invasive species). Measurements were carried out before
(March/April 2019) and seven months after (March/April 2021) the experimental burnings,
applied in August/October 2019 and August/September 2020. A) bare soil (%); B) total daily
illuminance (Ix) and C) mean daily temperature (°C); in relation to a gradient of cover by
Urochloa decumbens (%). Markers are the fitted values for group means from GLMM
models; lines are the mean’s 95% confidence intervals. Asterisks show significant
differences between control and burned plots within every invasion level.
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Figure 2. Effects of two annual prescribed burnings on specific-leaf area (mm2 mg?) values
of plant species in a tropical savanna across an invasion gradient by Urochloa decumbens
(0, 25, 50, 75 and 100% cover by the invasive alien species). Measurements were carried
out before (March/April 2019) and seven months after (March/April 2021) the experimental
burnings, applied in August/October 2019 and August/September 2020. Specific-leaf area of
A) native dominant species; and B) Urochloa decumbens in relation to a gradient of cover by
Urochloa decumbens (%). Markers are the fitted values for group means from GLMM
models; lines are the mean’s 95% confidence intervals. Asterisks mark significant differences
between control and burned plots within every invasion level.

The invasion gradient by Urochloa decumbens was represented in the first
PCoA axis, where communities were positioned according to the abundance of this
species (Fig. 5). Fire effects were represented in PCoA second axis, with the
differentiation of burned and unburned communities across it (Fig. 5). Moreover, fire
effects on community dissimilarities were modulated by the abundance of the
invasive alien species: the distances between burned and unburned communities
with lower levels of invasion (0, 25 and 50% of cover by Urochloa decumbens) were

greater than the distance between burned and unburned communities with higher
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levels of invasion (75 and 100% cover by the invasive alien species).
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Figure 3. Effects of annual prescribed burnings on plant aboveground biomass (kg m?) in a
tropical savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75 and
100% cover by the invasive alien species). Measurements were carried out before
(March/April 2019) and seven months after (March/April 2021) the experimental burnings,
applied in August/October 2019 and August/September 2020. A) Native dead; B) native live;
and C) native graminoids biomass in relation to a gradient of cover by Urochloa decumbens
(%). Markers are the fitted values for group means from GLMM models; lines are the mean’s
95% confidence intervals. Asterisks mark significant differences between control and burned
plots within every invasion level.

101



Before After A

60 1
501
401
304
201

Species richness (n)

1 0 T T T T T T T T T T

Before After B

4.0 1
3.51
3.0 Control
2.54 Burned
2.0

1.51

Shannon-Weaver's index (H)

Before After C

1.0 . .
0.9 *
0.81

0.7

Pielou's index (J)

0.61

0 25 50 75 100 0 25 50 75 100
Urochloa decumbens cover (%)

Figure 4. Effects of annual prescribed burnings on diversity of plant communities in a tropical
savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75 and 100% cover
by the invasive alien species). Measurements were carried out before (March/April 2019) and
seven months after (March/April 2021) the experimental burnings, applied in August/October
2019 and August/September 2020. A) native species richness (n); B) Shannon-Weaver's
index (H); C) Pielou’s evenness (J) in relation to a gradient of cover by Urochloa decumbens
(%). Markers are the fitted values for group means from GLMM models; lines are the mean’s
95% confidence intervals. Asterisks mark significant differences between control and burned
plots within every invasion level.
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This pattern was driven mainly by the bare soil percentage, which increased
more in burned communities at the beginning than at the end of the invasion
gradient. The cover of native dead biomass also contributed to the divergence
between burned and unburned communities in less invaded communities (up to 50%
cover by the invader). Invasive dead biomass was less influential in separating

burned from unburned communities, as this component was more related to the

PCoA first axis.
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Figure 5. Principal Coordinate Analysis (PCoA) of plant communities invaded by Urochloa
decumbens in a tropical savanna. Each point represents a plant community (9 m2) where
species abundance was visually estimated by ground cover, as well as bare soil percentage
and cover by dead (invasive and native) biomass. The influences of species abundance,
bare soil and dead biomass cover on the spatial distribution of communities are shown as
vectors. The orientation of a vector indicates its influence on communities’ positions in the
PCoA; the abundance of a given species increases towards its vector's head. Vectors of A)
graminoids; and B) structural components. Native and invasive components are showed in
black and red, respectively. Dissimilarities were calculated using Bray-Curtis distance.
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Discussion

Fire effects on invaded tropical savanna were modulated by the abundance of
Urochloa decumbens. Invader’'s abundance influenced fire effects on microhabitat
(daily illuminance and mean air temperature), Urochloa decumbens specific leaf-
area, live biomass of native species, species richness and Pielou’s equitability index.
However, Urochloa decumbens abundance did not influence common fire effects in
tropical savannas, like the creation of gaps within vegetation and the reduction of
dead biomass accumulated. Urochloa decumbens abundance also did not interact

with fire to result in effects in decomposition rates and CO:2 soil efflux.

Prescribed burnings increased bare soil percentage independently of Urochloa
decumbens abundance, which can be attributed to the moment the post-fire
samplings were carried out: seven months after the last burning and by the end of
the first rainy season. In open ecosystems of the Cerrado, ground cover is driven by
seasonality, as the dry season causes the accumulation of dead herbaceous
biomass (Eiten, 1972). After burning, both dead biomass of native species and of
invasive alien grasses need at least one dry season to accumulate and cover the
gaps left by fires (Damasceno & Fidelis, 2020; Rodrigues, 2019). As we sampled
vegetation cover before the first dry season, dead biomass did not have enough time
to accumulate in burned plots thus, leading to gaps within the vegetation

independently of Urochloa decumbens cover.

However, Urochloa decumbens abundance influenced fire effects on
microhabitat conditions, specifically daily illuminance, and mean air temperatures.
Daily illuminance increased only in totally invaded burned communities. Across an

invasion gradient, as the abundance of the invader increases, so does the amount of
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total biomass blocking the entrance of sunlight to the ground (Damasceno & Fidelis,
in preparation). Fire effects on illuminance were more pronounced in totally invaded
communities. This results from the greater difference between pre- and post-fire
conditions at these plots, which have the greatest amount of biomass accumulated in
pre-fire conditions (Damasceno & Fidelis, in preparation). Additionally, the higher
abundance of Urochloa decumbens and an increased intraspecific competition within
these plots might have favored the post-fire regrowth of many small individuals due
to alleviation of competitive asymmetries (Dar & Reshi, 2014; Despres et al., 2017;
Hui & Richardson, 2017). Moreover, studies about fire effects on population
dynamics of invasive alien grasses in tropical savannas are still scarce, being a

knowledge gap in the understanding of management actions toward these invasions.

Urochloa decumbens abundance also influenced fire effects on air
temperatures on the ground, which increased only in plots with 25% cover by the
invader. In non-invaded communities, native plants can recover their live biomass
after the first post-fire rainy season (Rodrigues, 2019), buffering temperatures
increases in relation to pre-fire conditions. In communities with cover of 50%, 75% or
100% by Urochloa decumbens, the native species are replaced by the invader, which
can also recover its live biomass after the first rainy season after fires (Damasceno &
Fidelis, 2020), also preventing post-fire temperature changes. In invaded
communities with 25% cover by Urochloa decumbens, however, the abundance of
the invader seems to be insufficient to buffer these changes due to its sparse
distribution among native species like found for other Urochloa species (Assis, 2017);
and despite being abundant, native plants cannot prevent temperature increases
because its recovery is hampered by the coexistence with the invader (Damasceno

et al., 2018).
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Fires did not interact with the abundance of Urochloa decumbens to influence
the specific leaf area of native species. This indicates that, contrary to its effects in
the long-term (Scalon & Rossatto, 2021), fires do not influence allocation of
photosynthetic resources in herbaceous native species in the short-term.
Alternatively, Urochloa decumbens abundance interacted with fire by decreasing its
SLA values only in communities where its cover was 50% and 75%. This can be
attributed to an increased intraspecific competition perceived by Urochloa
decumbens individuals in the post-fire environment at these communities. By
consuming aboveground biomass, fire could alleviate competitive asymmetries
perceived by Urochloa decumbens individuals in the pre-fire environment of these
communities. We suggest that this effect occurred only at these communities and not
also in communities with 100% cover by the invader because is at intermediate levels
of invasion when the interference between invader’s tussocks starts because of the
amalgamation process (Assis, 2017) thus, resulting in increased intraspecific
competition perceived by invasive individuals. The non-effect of invader’s abundance
and fires on native species’ SLA, together with the decrease in Urochloa decumbens
SLA in communities where it covered 50% and 75% signalizes for a management
opportunity to favor native species at these levels of invasion, as the competitive
advantage of the invader (considered as the difference between it's and native’s SLA

values) decreased in the post-fire environment.

Urochloa decumbens abundance modulated fire effects on native species
richness and Pielou’s equitability, despite not influencing Shannon-Weaver’s diversity
index. These results derive from the counterbalance between positive effects of fire
on native species (Frost & Robertson, 1985; Pilon, Cava, et al., 2021) and negative

effects of invasive alien grasses (Damasceno & Fidelis, in preparation; Damasceno
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et al.,, 2018) on community diversity in tropical savannas. In communities with 25%
cover by the invader, fire might have increased equitability by increasing abundance
of co-occurring native species (Pilon, Cava, et al., 2021), given the small negative
effects of Urochloa decumbens on community diversity at this level of invasion
(Damasceno & Fidelis, in preparation). In communities with 50% of cover by the IAS,
fires preempted the loss of native species caused by Urochloa decumbens at this
level of abundance (Damasceno & Fidelis, in preparation). In totally invaded
communities, fire probably increased equitability by temporarily reducing the cover of
the dominant invasive alien species as already found by previous studies

(Damasceno & Fidelis, 2020; Martins et al., 2011).

Dissimilarities in community composition between burned and unburned
communities were modulated across the invasion gradient: the lower the Urochloa
decumbens abundance, the greater the divergence between them. This results from
vigorous post-fire resprout of Urochloa species (Assis et al.,, 2021; Damasceno &
Fidelis, 2020); as Urochloa decumbens abundance increases, its individuals occupy
the gaps left by fires. Also, the post-fire recovery of Urochloa decumbens dead
biomass is quicker than native dead biomass (Damasceno & Fidelis, 2020;
Rodrigues, 2019), decreasing the dissimilarities between burned and unburned

heavily invaded communities.

However, the amount of Urochloa decumbens biomass was not affected by
fires in any community across the invasion gradient. This extends the quick recovery
of Urochloa species in heavily invaded areas (Damasceno & Fidelis, 2020) as being
independent of its abundance. It also enhances the appeal for using fire as a toll to
manage these invasions, since the invasive alien grass was not benefited by fires at

any level of its abundance. Nevertheless, further studies are needed to clarify if
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prescribed fires influence or not the susceptibility of native communities to new
Urochloa invasions. Additionally, experiments addressing how fire influences the
relationships among invasive alien grasses are also needed to avoid the replacement
of one invader by another, as already found for Melinis minutiflora (Damasceno &

Fidelis 2020).

Urochloa decumbens abundance did not interact with fire to affect the
accumulation of dead biomass of native species, which was always lower in burned
plots. Despite invasive alien grasses can alter community structure (Damasceno et
al., 2018) and modify biomass accumulation (Damasceno & Fidelis, in preparation),
fire absence remains the main driver of the amount of native dead biomass
accumulated in the herbaceous layer of tropical savannas (Frost & Robertson, 1985;
Gomes, Miranda, Silvério, & Bustamante, 2020; Rodrigues, 2019). On the other
hand, Urochloa decumbens abundance influenced the accumulation of total native
live biomass, which increased in burned communities with 25% and 100% of
Urochloa decumbens cover. In totally invaded plots, it is due to the greater biomass
of live native graminoids, which seems to have been benefited by the higher
illuminance in the post-fire environment and by a temporary alleviation of competition
with the invader. In plots with 25% of cover by the invader, although, this increase
seems to collectively represent small increases in live biomass of grasses, forbs, and

shrubs, as we did not detect fire effects in these components in isolation.

Urochloa decumbens abundance did not influence fire effects on
decomposition rates and COz2 soil efflux in the Cerrado, similarly to its non-effects on
these ecosystem properties in invaded communities without fire (Damasceno &
Fidelis, in preparation). Fire is an important driver of nutrient fluxes in tropical

savannas, including carbon cycles (Jiang et al., 2021); however, its effects on
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decomposition rates are dependent on medium-term changes in fire regime towards
increased fire frequency (Ficken & Wright, 2017; Hopkins, Huffman, Platt, & Sikes,
2020; Pellegrini et al., 2020). Although we had increased fire frequency, our study
assessed only the short-term effects of two prescribed burnings and long-term
experiments are still needed to better understand the interaction of invasive alien

grasses and fire on ecosystem processes.

Conclusions

The abundance of the invader did not influence well-recognized effects of fires
in tropical savannas, like reduction in the accumulated biomass and the creation of
gaps within vegetation (Coutinho, 1982). However, invader’s abundance modulated,
in the short-term, other fire effects on invaded tropical savannas. Fires exerted
stronger effects on communities with the lowest (25%) and the highest (100%) levels
of invasion. In both communities, fires can benefit native biodiversity by increasing its
live biomass and community evenness. Fires were also beneficial to native
biodiversity in moderately invaded communities (50% and 75% of Urochloa
decumbens cover). In these communities, fires reduced the invader’s specific leaf-
area, probably alleviating the competition suffered by native species; indeed, species

richness increased in burned communities with 50% of cover by the invader.

Fires did not benefit the performance of Urochloa decumbens in any invaded
community; as well it did not enhance Urochloa decumbens entrance in non-invaded
communities. This suggests that despite the failure in using prescribed burnings to
reduce the abundance of invasive alien grasses (Assis et al., 2021; Damasceno &
Fidelis, 2020; Martins et al., 2011) it does not seem to favor their spread in the short-
term. However, studies specifically designed to evaluate the existence of a grass-fire
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cycle in Neotropical savannas are urgently needed, so we can better understand the
role of fire, both as prescribed burnings and as wildfire, in the population dynamics of
invasive alien grasses. Finally, given the positive effects fire had on native
biodiversity, it could be considered a management toll, among other techniques,
within management plans tailored to reduce the abundance and negative impacts of

invasive alien grasses in tropical savannas.
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Supplementary information for Damasceno, Durigan and Fidelis: “Abundance of an invasive grass modulates
short-term fire effects in a tropical savanna”

Table 1. Statistical output of generalized linear mixed models evaluating the effect of prescribed burnings on the properties of a tropical
savanna with distinct levels of invasion by Urochloa decumbens. Letters compare paired burned/control plots within invasion level (0, 25, 50, 75
and 100% cover by the invader) within sampling event (before and after the prescribed burnings). Samplings were conducted in 2019 (before)

and 2021 (after).

Specific leaf-area (mm2.mg-")

Sampling Invasion level (%) Treatment Bare soil cover (%) Illuminance (Ix) Temperature (2C)
Native species Urochloa decumbens

Before 0 Control 13.88+1.77 a 21419.1+1.37 b 18.64+1.03 a 88+1.11 a -
Before 0 Burned 23.41+1.75 a 6168.36 £ 1.26 a 21.23+1.03 b 9.61+1.1 a3 -
Before 25 Control 11.8+1.75 a 11712.46 +1.26 a 19.18+1.03 a 8.01+1.13 a 22.25+1.1 a
Before 25 Burned 14.07+£1.75 a 13839.87£1.26 a 19.64+1.03 a 10.84+1.12 a 21.26+1.08 a
Before 50 Burned 13.21+1.75 a 6130.72+£1.26 a 19.92+1.04 a 849+1.13 a 19.55+1.07 a
Before 50 Control 1542 +1.75 a 8804.96+1.26 a 19.82+1.03 a 9.58+1.14 a 21.86+1.07 a
Before 75 Control 9.05+1.75 a 12748.62 £ 1.26 a 18.86+1.03 a 6.64+1.23 a 20.13+1.07 a
Before 75 Burned 17.99+1.76 a 7749.26 +1.26 a 19.45+1.03 a 7.88+1.39 a 19.31+1.07 a
Before 100 Control 8.14+1.75 a 17455.67+1.26 b  18.18+1.03 a 11.14+1.57 a 19.7+1.07 a
Before 100 Burned 8.22+1.76 a 954491 +1.26 a 18.09+1.03 a 5.09+1.52 a 22.96+1.07 a
After 0 Control 2.53+1.79 a 16001.29+1.37 a 16.69+1.04 a 7.48+1.11 a ---
After 0 Burned 4432+1.75 b 26487.08+1.26 a 19.06+1.03 b 6.87+1.1 a
After 25 Control 1.18+1.83 a 25363.84+1.37 a 18.03+1.04 a 6.55+1.13 a 20.2+1.07 a
After 25 Burned 28.09+1.75 b 33951.19+1.26 a 1946%1.03 b 8.63+1.12 a 20+1.07 a
After 50 Control 0.95+1.76 a 34649.68 £ 1.37 a 18.95+1.04 a 8.13+1.13 a 1893+1.07 b
After 50 Burned 28.43+1.75 b 20923.14+1.26 a 19.78+1.03 a 7.37+1.13 a 15.6+1.07 a
After 75 Control 1.88+1.79 a 26174.72£1.37 a 19.01£1.04 a 9.01+1.23 a 20.24+1.07 b
After 75 Burned 28.84+1.74 b 27684.94 +1.26 a 19.12+1.03 a 6.97+1.31 a 16.44+1.07 a
After 100 Control 3.52+1.76 a 13401.34+1.37 a 16.98+1.04 a 7.76 £1.37 a 16.53+1.07 a
After 100 Burned 19.1+£1.75 b 46752.09+1.26 b 16.61+£1.03 a 945+1.2 a 18.24+1.07 a
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(Table 1. Continuation)

Invasion

Biomass (kg.m-2)

Sampling Treatment

level (%) Total Native total ~ Native dead Native live  Native grasses  Native forbs  Native shrubs
Before 0 Control 462+1.14 a 463+12a 288+1.29a 17712 a 139+1.23 a 0.01+223 b 0.35+1.72 a
Before 0 Burned 501+1.14 a 503+1.2a 251+129a 249%12 a 1.51+1.23 a 0+2.23 a 1.08+1.72 a
Before 25 Control 443+1.14 a 403+12a 181+129a 21912 a 2.14+1.23 a 0+2.23 a 0.05+1.72 a
Before 25 Burned 453+1.14 a 431+12a 254+129a 17812 a 1.5+1.23 a 0+2.23 a 0.25+1.73 b
Before 50 Burned 475+1.14 a 364+1.2 a 1.81+1.29 a 1.81+1.2 a 142+1.23 a 0.01+2.23 a 04+1.71 a
Before 50 Control 438+1.14 a 366+x1.2a 212+129a 152+1.2 a 1.1+1.23 a 0.01+223 a 043+1.71 a
Before 75 Control 526+1.14 a 279+1.2 a 1.84+1.29 a 09%+1.2 a 0.82+1.23 a 0+2.23 a3 0.09%+1.72 a
Before 75 Burned 4.78+1.14 a 206+1.2a 1.11+129a 095+12a 0.79+1.23 a 0+£223 b 0.13+1.75 a
Before 100 Control 5.22+1.14 a 232+1.2 a 1.1+13 a 121+12a 0.87+123 a 0.02+2.23 a 034+1.72 a
Before 100 Burned 459+1.14 a 275+12a 1.74+129a 101+12a 0.78%+123a 0.01+223a 0.25%1.76 a
After 0 Control 971+114 b 966+12 b 699129 b 261+1.2 a 223+1.23 a 0.01+223 a 033+1.72 a
After 0 Burned 425+1.14 a 42+1.2 a 224+1.29a 196%1.2 a 1.59+1.23 a 0.01+223 a 034+1.73 a
After 25 Control 7.89+1.14 b 653+12 b 529+129 b 1.26+1.2 a 1.16+1.23 a 0.01+2.23 a 0.09+1.72 a
After 25 Burned 454+1.14 a 391+12a 169+129a 222+12 b 1794123 a 0+2.23 a 042+172 b
After 50 Control 7.62+1.14 a 597+12a 413+129 b 186%+1.2 a 1.2+1.23 a 0.05+2.23 a 055+1.72 a
After 50 Burned 6.29+1.14 a 464+12a 196129 a 26412 a 1.88+1.23 a 0.11+223 a 0.66+1.71 a
After 75 Control 11.19+1.14 b 727412 b 516+1.29 b 2.03+1.2 a 145+1.23 a 0.02+2.23 a 0.49+1.76 a
After 75 Burned 6.32+1.14 a 231+12a 075%+129a 15612 a 1.07+1.23 a 0.02+223 a 041+1.72 a
After 100 Control 8.89+1.14 a 46+1.2 a 361+1.29 b 1.01+1.2 a 047+1.23 a 0.03+223 b 0.54+1.73 a
After 100 Burned 6.72+1.14 a 3.06+x1.2 a 139+129a 169+12 b 141+123 b 0+£2.23 a 0.22+1.73 a
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(Table 1. Continuation)

) Biomass (kg.m-2) Shannon- . L Decomposition ,

Sampling Inva5|Sn Treatment Total U. Dead U. Live U. Richness (n) Weaver's Pielou’s index rate (k.day-") €02 SOIL efflu1x
fevel (%) decumbens decumbens decumbens index (H) v (g.C.m-*day-)
Before Control --- --- --- 1.77+1.2 a 1.39+1.23 a 0.01+2.23 b 035+1.72 a 26.19+5.88 a
Before Burned - -— - 249+12 a 151+1.23 a 0+2.23 a 1.08+1.72 a 19.08+6.94 a
Before 25 Control 0.4+2.03 a 0.26+1.95 a 0.14+2.09 a 219+1.2 a 2.14+1.23 a 0+2.23 a 0.05+1.72 a 2296%5.88 a
Before 25 Burned 0.24+2.03 a 0.18+1.95 a 0.06£2.09 a 1.78+1.2 a 15+1.23 a 0+£2.23 a 0.25+1.73 b 25.12+5.88 a
Before 50 Burned 1.14+2.03 a 0.78+1.95 a 0.36+2.09 a 1.81+1.2 a 142+1.23 a 0.01+2.23 a 04+1.71 a 32.08+5.88 a
Before 50 Control 0.71+£2.03 a 04+£195 a 0.32+£2.09 a 152+1.2 a 1.1+1.23 a 0.01+£223 a 043+1.71 a 25.89+5.88 a
Before 75 Control 2461203 a 193+1.95 a 0.53+2.09 a 0912 a 0.82+1.23 a 0+223 a 0.09+1.72 a 23.29%+5.88 a
Before 75 Burned 2.75+2.03 a 1.69+1.95 a 1.06+2.09 a 095+1.2 a 0.79+1.23 a 0+2.23 b 0.13+£1.75a 29.06+5.88 a
Before 100 Control 291+203 a 2.14+195 a 0.77+£2.09 a 1.21+1.2 a 0.87+1.23 a 0.02+2.23 a 034+172 a 28.68%+6.91 a
Before 100 Burned 1.82+2.03 a 141+1.95 a 0.41+£2.09 a 1.01+1.2 a 0.78+1.23 a 0.01+£223 a 0.25+1.76 a 24431588 a

After 0 Control --- - - 261+1.2 a 223+1.23 a 0.01+2.23 a 0.33+1.72 a 0.1+5.88 a
After 0 Burned --- - - 196+1.2 a 1.59+1.23 a 0.01+£223 a 0.34+1.73 a 291+6.94 a
After 25 Control 1.13+2.03 a 0.77+1.95 a 0.37+2.09 a 1.26+1.2 a 1.16+1.23 a 0.01+2.23 a 0.09+1.72 a 1.24+5.88 a
After 25 Burned 0.66+2.03 a 0.28+£1.95 a 0.38+2.09a 222+12 b 1.79%+1.23 a 0+2.23 a 042+172 b -0.56%6.94 a
After 50 Control 1.64+2.03 a 1.18+1.95 a 0.47+2.09 a 1.86+1.2 a 12+1.23 a 0.05+2.23 a 0.55+1.72 a 0.03+5.88 a
After 50 Burned 1.74+2.03 a 0.67+£1.95 a 1.07+£2.09 a 264+12 a 1.88+1.23 a 0.11+223 a 0.66+1.71 a -3.17+6.93 a
After 75 Control 3.92+2.03 a 2.68+1.95 a 1.24+2.09 a 203+1.2 a 145+1.23 a 0.02+2.23 a 0.49+1.76 a 0.49+5.88 a
After 75 Burned 3.99+2.03 a 1.79+1.95 a 22+2.09 a 156+1.2 a 1.07+1.23 a 0.02+2.23 a 041+1.72 a 135+6.94 a

After 100 Control 44+2.03 a 287+1.95 a 1.53+2.09 a 1.01+1.2 a 0.47+1.23 a 0.03+2.23 b 0.54+1.73 a 1.6+5.88 a

After 100 Burned 3.61+£2.03 a 191+1.95 a 1.7+£2.09 a 169+1.2 b 141%£123 b 0+£2.23 a 0.22+1.73 a 0.3+£5.88 a
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Fgure 1. Effects of two annual prescribed burnings on live Urochloa decumbens cover (%) in
a tropical savanna across its invasion gradient (0, 25, 50, 75 and 100% cover by the invasive
alien species). Measurements were carried out before (March/April 2019) and seven months
after (March/April 2021) the experimental burnings, applied in August/October 2019 and
August/September 2020. Markers are the fitted values for group means from GLMM models;
lines are the mean’s 95% confidence intervals. Asterisks mark significant differences
between control and burned plots within every invasion level.

Before After A
0.5+
0.4
0.3
0.2
014
o~
lE 0.0 T T T T T T T T T T
9 0 25 50 75 100 0 25 50 75 100 Control
@ Before After B Burned
M
5 o
m
2 -
*
14 *
0 -

0 25 5 75 100 0 25 5 75 100
Urochloa decumbens cover (%)

Figure 2. Effects of two annual prescribed burnings on plant aboveground biomass (kgm) in
a tropical savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75 and
100% cover by the invasive alien species). Measurements were carried out before
(March/April 2019) and seven months after (March/April 2021) the experimental burnings,
applied in August/October 2019 and August/September 2020. Native biomass of A) forbs;
and B) shrubs in relation to a gradient of cover by Urochloa decumbens (%). Markers are the
fitted values for group means from GLMM models; lines are the mean’s 95% confidence
intervals. Asterisks mark significant differences between control and burned plots within

every invasion level.
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Figure 3. Effects of two annual prescribed burnings on plant aboveground biomass (kgm)
in a tropical savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75 and
100% of cover by the invasive alien species). Measurements were carried out before
(March/April 2019) and seven months after (March/April 2021) the experimental burnings,
applied in August/October 2019 and August/September 2020. A) total; B) dead; and C) live
biomass of Urochloa decumbens in relation to a gradient of its cover (%). Markers are the
fitted values for group means from GLMM models; lines are the mean’s 95% confidence
intervals. Asterisks mark significant differences between control and burned plots within
every invasion level.
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Figure 4. Effects of two annual prescribed burnings on decomposition rates (day?) in a
tropical savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75 and
100% of cover by the invasive alien species). Measurements were carried out before
(March/April 2019) and seven months after (March/April 2021) the experimental burnings,
applied in August/October 2019 and August/September 2020. Markers are the fitted values
for group means from GLMM models; lines are the mean’s 95% confidence intervals.

Asterisks mark significant differences between control and burned plots within every invasion
level.

Before After

<40 ,
[ Control . Burned
©
O
q
S
O 20+
2
x
=
=
)
o -
S 0
&)
‘o
)

0 25 50 75 100 O 25 50 75 100

Urochloa decumbens cover (%)

Figure 5. Effects of two annual prescribed burnings on CO; soil efflux (gCm-2day) in a tropical
savanna across an invasion gradient by Urochloa decumbens (0, 25, 50, 75 and 100% of
cover by the invasive alien species). Measurements were carried out before (March/April
2019) and seven months after (March/April 2021) the experimental burnings, applied in
August/October 2019 and August/September 2020. Dots are the fitted values for group
means from GLMM models; lines are the mean’s 95% confindence intervals. Markers are the
fitted values for group means from GLMM models; lines are the mean’s 95% confidence
intervals. Asterisks mark significant differences between control and burned plots within
every invasion level.

131



A state-and-transition model for the restoration of
grass-invaded open tropical savannas

Gabriella Damasceno?; Giselda Durigan? & Alessandra Fidelis®
1 Universidade Estadual Paulista, Instituto de Biociéncias de Rio Claro, A. 24A, 1515, Rio Claro, Brazil

2 |Instituto Florestal do Estado de S&o Paulo, Floresta Estadual de Assis, Assis, Brazil

fariadamasceno@gmail.com; giselda.durigan@gmail.com; alessandra.fidelis@unesp.br

Abstract

The negative impacts of invasive alien species pose them as one of the main threats
to biodiversity conservation and a great challenge for human populations. We
propose a unified state-and-transition model to aid in the management of invasive
alien grasses and restoration of invaded open tropical savannas. We used primary
data from field experiments with Urochloa decumbens to describe how the invader’'s
abundance can influence its impacts and management outcomes in these systems.
We also retrieved and included information about these invasions from a systematic
search in scientific databases (Web of Science and SciELO). We found a total 108
scientific studies, most of which about the impacts caused by invasive alien grasses
in tropical savannas. The resulting conceptual model was represented by seven
states, three stable states and four transient states; plus 20 possible transitions. We
hope that the model will help managers in making decisions for the management of

biological invasions by grasses in open tropical savannas.

Keywords: conceptual model; invasive grasses; ecological restoration; state-and-

transition; tropical savanna
Introduction

Invasive alien species (IAS) are one of the main threats to biodiversity

conservation worldwide (Butchart et al. 2010) and the mitigation of their ecological
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and socioeconomic negative impacts pose a great challenge for human populations
(Pysek et al. 2020). Hopefully, new perceptions about the strengths and weaknesses
of the management of biological invasions are originating new approaches to deal
with this problem (Robertson et al., 2020). In general, the management of long-
established IAS is becoming more centered on adaptive management tailored
towards reducing invader’s negative impacts in the long-term (Garcia-Diaz et al.,
2021). For this, the management actions need to be planned to maximize efficiency
and reduce costs, which can be titanic at both global (Diagne et al., 2021) or regional

scales (Adelino et al., 2021).

Conceptual models are a useful tool in aiding the planning and execution of
management actions because they synthesize the theoretical and practical aspects
of degradation, restoration and biological invasions (Novoa et al., 2020, 2018;
Robertson et al., 2020; Firn, House, & Buckley, 2010). State and transition models
started to be used for the management of open ecosystems in 1989 (Westoby,
Walker & Noy-meier 1989) and they are still adopted nowadays (Andrade et al. 2015;
Jackson & Boartolome). New developments of these models occurred within the field
of restoration ecology, expanding their utilization for the restoration and degradation
of systems with complex dynamics like tropical savannas (Briske, Fuhlendorf, &
Smeins, 2006; Mayer & Rietkerk, 2004; Suding & Hobbs, 2009). Savannas are
systems driven by non-equilibrium dynamics, in which alternative stable states are
possible depending on physical characteristics of the environment, like soil
composition, but also on system properties like the abundance of dominant species
or the frequency of disturbances (Beckage, Gross, & Platt, 2011; Beisner, Haydon, &

Cuddington, 2003; D’Odorico, Laio, & Ridolfi, 2006).

The restoration of complex systems is dependent on the establishment of
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realistic goals that can be monitored by the adoption of clear indicator variables to
inform management options and results (Hobbs & Norton, 1996; King & Hobbs,
2006). In this sense, the abundance of an invasive alien species can be considered
an important variable because it influences system transition from one state to
another, given the creation of new feedback mechanisms between the invader and
other system’s properties (Beisner et al., 2003; Suding, Gross, & Houseman, 2004).
This is the case for alien grass invasions in tropical savannas, where these invaders
can alter system properties and create new feedback mechanisms by starting a
grass-fire cycle beneficial to their persistence (Gorgone-Barbosa et al., 2015;
Rossiter et al.,, 2003). However, despite some investigations about the role of
invasive alien grasses in influencing the degradation of these ecosystems (Brooks,
Setterfield, & Douglas, 2010; Pivello & Coutinho, 1996), a general state-and-
transition model addressing the restoration possibilities, which also considers the

invader abundance is still lacking.

The importance of a general model to aid in the management of invasions and
restoration of these systems is both highlighted and enabled by the growing scientific
efforts on this topic. Recent studies have started to elucidate the mechanisms and
drivers of successful alien grass invasions in tropical savannas (Ens, Hutley,
Rossiter-Rachor, Douglas, & Setterfield, 2015; Guimardes Silva, Zenni, Rosse,
Bastos, & van den Berg, 2020; Musso et al., 2015; Paredes et al., 2018; Xavier,
Leite, & da Silva Matos, 2019; Xavier, Christianini, Pegler, Leite, & Silva-Matos,
2021), including future trends predicted to occur due to climate change (Barbosa,
2016; Baruch & Jackson, 2005; Damasceno & Fidelis, 2020; de Faria, Fernandes, &
Franca, 2015; Fulgéncio-Lima et al., 2021). Another indication for the need of a

synthetic model is the accumulating evidence of distinct management techniques
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already tested but not framed together under the ecological theories explaining their
results found (Assis, Pilon, Siqueira, & Durigan, 2021; Damasceno & Fidelis, 2020;
Martins, Hay, Walter, Proenca, & Vivaldi, 2011; Musso et al., 2019; Palermo et al.,

2007; Zenni et al., 2020).

Therefore, we propose a unified state-and-transition model to assist in the
management of invasive alien grasses and restoration of invaded tropical savannas.
We used primary data from field experiments with Urochloa decumbens carried out to
describe how the invader’'s abundance can influence its impacts (Damasceno &
Fidelis, in preparation) and management outcomes (Damasceno, Durigan, & Fidelis,
in preparation) in the Cerrado, the Neotropical savanna. We also retrieved and
included information about alien grass invasion in tropical savannas from a
systematic search in scientific databases (Web of Science and SciELO). By using the
abundance of the IAS as an indicator variable, we aim to link field observations and
management actions to the theory of biological invasions and ecological restoration.
We expect the model to be used by managers in decision-making and management

planning regarding the restoration of grass-invaded tropical savannas.

Material and Methods

We adopted two complimentary approaches to create a threshold model
aimed to guide decision making and management of invaded tropical savannas in the
short timescale (Suding & Hobbs 2009). We systematically reviewed the scientific
literature on invasive alien grasses in tropical savannas and implemented field
experiments to evaluate how invader's abundance relates to the degradation and

restoration of these ecosystems.
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Literature review

We conducted a systematic search in the ISIS Web of Science and SciELO
scientific databases. Whereas the first is the largest database for scientific
manuscripts, the second one is a regional database commonly used by Latin
American scientists to publish articles in Portuguese and Spanish. Therefore, we
used English search terms in ISIS Web of Science and Portuguese and Spanish
terms in the SciELO bases. The inclusion of both databases and three languages
intended to decrease the knowledge gaps caused by ignoring publications in other
languages than English (Nufiez & Amano, 2021) which can result in biased results

also in invasion science (Angulo et al., 2021).

We conducted all searches in November 2018 and checked for updates in the
results in January 2021. We used the following search terms: ALL FIELDS = (grass*
OR weed* OR poaceae OR gramineae) AND (invasi* OR alien* OR exotic* OR non-
native*) AND (“tropical savanna* OR "neotropical savanna*) in ISIS Web of
Science; and ALL FIELDS = (gram* OR praga* OR daninha* OR pasto* OR cesped*
OR hierba* OR poaceae OR gramineae) AND (invas* OR alien* OR exotic* OR n*-
nativa* OR mala*) AND (savana* OR sabana OR cerrado OR llanos OR chaco) in
SciELO. We did not include native species, even when behaving as superdominants

(Vania Regina Pivello, Vieira, Grombone-Guaratini, & Matos, 2018).

From the abstract and main text, we classified all articles found into one of four
categories regarding their predominant theme: 1) impact of invasive alien grasses on
plants, animals, ecological processes or restoration efforts (impact); 2) traits,
characteristics or environmental factors that had the potential to influence the

invasion success (mechanism); 3) management actions to control or reduce the
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abundance of the invader, as well as to reduce their negative impacts (management);
and 4) articles that had proposed theoretical models for savanna dynamics including
or not invasive alien grasses in their scope (theoretical). We further classified every
article according to its main topic, within the four themes (Table 1). Instead of
extracting data from the manuscripts found, we use the categorized list as an

enlistment for the ad-hoc construction of the model.

Field experiments

We implemented field experiments to quantitatively evaluate how the
abundance of an invasive grass affects system properties and could modulate the
outcome of management actions. We selected two areas naturally invaded by
Urochloa decumbens inside protected areas in the Cerrado, Parque Nacional de
Brasilia (PNB, 5°41’S 47°53'W) and Estacédo Ecoldgica de ltirapina (EcEl, 22°14’'S
47°53’'W). Both areas have a Cw climate with dry winters and rainy summers.
Monthly mean values of temperature and precipitation during summer and winter are
23 °C and 300 mm and 18 °C and 150 mm for the PNB; and 22° C and 188 mm and
17 °C and 55 mm for the EE (IBAMA & FUNATURA 1998; Zanchetta et al. 2006). In
each area we established plots (25 m?) forming a gradient of cover by the invader (0O,
25, 50, 75 and 100% cover). We had six gradients per area, divided into three blocks,
each of them formed by a burning and an unburned (control) gradient. We had a total
of 60 plots (5 plots x 2 gradients x 3 blocks x 2 areas); further details of the study
area and the experimental design can be found in Damasceno & Fidelis (in

preparation) and in Damasceno, Durigan, & Fidelis (in preparation).
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Results

We found 157 and 38 papers in ISIS and SciELO databases, respectively.
After excluding those not related to the topic (considering other invasive species, for
example), we retained a total of 108 articles (Supplementary Information, Table 1).
Most of the articles found addressed the impacts caused by invasive alien grasses in
tropical savannas (43%, n = 47), followed by papers about the mechanisms
underlying these invasions (37%, n = 40). Articles about management accounted for

13% (n = 14) while theoretical papers summed up 7% (n = 7; Figure 1; Table 1).

SciELO
Web of Science

Impact Mechanism Management Theoretic

Category

Figure 1. Number of scientific articles about grass invasions in tropical savannas retrieved
from SciELO and The Web of Science databases (n = 108).

We developed a model of tropical savannas invaded by alien grasses
composed by seven stages and 20 transitions (Figure 2). We defined a state to be
stable if it is maintained by structuring negative feedbacks, which promote its stability
in terms of community composition and function in the anthropic time-scale (Beisner
et al.,, 2003). Alternatively, we considered a state to be transient if it was
characterized by destabilizing positive feedbacks, which put the system in a
succession pathway with varying communities. Consequently, the transient states

could only be maintained by the input of stabilizing forces from management actions.
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Table 1. List of scientific articles about invasive grasses in tropical savannas classified
according to the issues addressed (impact, mechanism, management or theoretical), and

topics within each theme.

Category Topic References!

Microhabitat 1,6,7,10,11,23,32,35,53

Native plant populations 7,47,73

Plant communities 1,6,7,11,16,21,23,27,31,32,101,102,103
Animal communities 5,9,12,15,19,20,21,27,30
Impact Trophic networks 25
Ecosystem 3,7,13,21,23,35,90, 108
Disturbance 1,2,3,4,6,10,26,68,87,90,101
Restoration 11,24,29,36,80,82,86,87,88,89,91,94,97
Conservation 83,95,98
Invasiveness 12,18,28,33,40,47,48,49,52,54,55,57,61,63,65,
67,70,71,72,74,79,106,107
Recruitment 24,40,49,51,54,56,60,64,67,77
Mechanism
Growth 22,38,41,45,47,55,57,61,65,67,69
Reproduction 50,62,64
Dispersal 24,59,66,75,76,77,78,92,98,99,105
Chemical control 46, 36, 39,100
Physical control 21,32,34,36,38,40,45,46,100
Management Biological control 85
Long-term management 2,44
Socioeconomic aspects 17,37,42,44

LAccording to Table 1, Supplementary Material
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Figure 2. State-and-transition model of tropical savannas invaded by alien grasses. The x
axis represents the abundance of the invasive alien grasses, which is related to the changes
caused in the recipient system as represented in the y axis. Combinations of both axis
results in alternative states (see Box 1 below); transitions (see Box 2 below) between states
represent invasion progression and the use of management actions.

Overall, as a viable population of the invader is established, the non-
invaded stable state A transitions towards the completely invaded stable state D. As
management actions are applied to control the invasive alien grass, the invaded
system can be actively maintained within the transient invaded states B, C, E, and F.
It is also possible to eradicate the invader, returning the system to the pre-invasion
conditions (state A) or to the alternative stable state G depending on the impacts

already caused when eradication is carried out.
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Box 1. Catalogue of states

State A: Non-invaded stable state determined by climatic conditions, soil
properties and occurrence of natural fires. Naturally maintained by negative
feedbacks between vegetation and system abiotic properties.

State B: Transient invaded state. Represents the beginning of alterations in
system properties, as caused by initial levels of invader’s abundance (< 25% of
cover). This promotes destabilizing positive feedbacks, as for example, between
the invader’s cover and the proportion of bare soil in the community. Due to these
positive feedbacks, this state naturally progresses towards state C if management
is not adopted.

State C: Transient state derived from the intensification of the invasion process.
The invasive species cover between 25% and 75% and produce more impacts in
system properties, like community diversity. Destabilizing positive feedbacks
between the invader cover and the abundance of native species act to promote
this state towards the state D if management is not adopted.

State D: Stable state completely dominated by the invasive species, where it
covers > 90% of the community. There is a massive transformation of the
system’s biotic properties like community composition and associated soil
microbiota. Due to new stabilizing negative feedbacks between the invader and
system properties, like modifications of fire regimes and nutrient cycles, this state
will maintain itself if unmanaged.

State E: A transient state characterized by low levels of invasion (< 25% cover)
but intermediate changes in system properties. It results from reduction of
invader’'s abundance by management actions in heavily invaded states (D, F).
Because of positive feedbacks like those acting on state B, it will return to the
state D if not stabilized by management actions.

State F: Transient state resulting from management of totally invaded areas (D).
These management actions are tailored to attenuate invader’'s impact instead of
focused in reducing its abundance. These impacts will be resumed if management
is ceased thus, creating positive feedbacks that will lead to further modifications of
the system towards its return to state D.

State G: Non-invaded state resulting from eradication of the invader after it had
achieved high levels of abundance. At such densities, the invader might have
caused irreversible transformations of system properties (soil mineral content,
plant-soil feedbacks), preventing the restoration of the former non-invaded state
A. The stability of this state depends on the reestablishment of negative
feedbacks like those acting in state A thus, guarantying its resistance to re-
invasion.
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Box 2. Catalogue of transitions

1: Self-reinforcing mechanisms of tropical savannas responsible for avoiding
invasion by exotic grasses, like the system’s natural dynamics and diversity.

2. Successful invasion of tropical savannas by exotic grasses. This transition
occurs when a viable population of the invader establishes within the native
vegetation, causing changes in the system properties like microclimatic conditions
and the abundance of native species.

3: Unassisted intensification of the invasion process by increased abundance of
the invader. This transition results from further modification of the system
properties, like native species richness and community compaosition.

4: Management-based maintenance of the transient state B by containment of the
invasive species population, i.e., no liquid population increase. This can be
achieved by the prevention of new individual’s recruitment and/or by the removal
of established individuals. Independently of the management actions chosen, they
should be applied annually to guarantee the invader's population containment
through time.

5: Eradication of the invasion in systems with low levels of invader’'s abundance
(< 25% cover). It can only be achieved by killing all established individuals and the
depletion of invader’s seed bank. These actions can be executed simultaneously
or sequentially, but after their results are guaranteed (the system is resilient), no
additional intervention is needed and the restored system stays within the stable
state A unless a new invasion starts.

6: Further intensification of the invasion process. The unassisted increase in
invader’s abundance results in massive transformations of native communities
and ecosystem process, like primary productivity, disturbance regimes and
biogeochemical cycles; and possibly, impacts on higher trophic levels due to
altered feeding by animals.

7. Similarly to number 4, these stabilizing mechanisms result from management
actions tailored to limit invader’s population growth. Management actions must be
applied periodically (every 1-2 years) to keep the system within state C.

8: Transition resulting from management actions aiming to the suppression of the
invader from intermediate (25 ~ 75% cover) to low levels of abundance (< 25%
cover). Invader’s suppression must be achieved by the removal of established
individuals, together or not with actions tailored to prevent the establishment of
new individuals. If management is successful in reducing the invader’s cover,
management actions are needed to be applied only once. However, further
management of state B (transitions 4 or 5) will be required to prevent the system
from progressing to state D.
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9: Newly established feedback mechanisms, like altered competitive hierarchies
and changed disturbance regimes can maintain the system within the degraded
state D. Management actions are needed to promote transitions towards less
impacted states like in E or F.

10: Transition resulting from the suppression of the invasive species in heavily
invaded areas. Despite the decrease in invader’s abundance, the restoration of
pre-invasion properties of the system, like community structure and soil chemical
composition might be no longer possible because of the massive negative
impacts of the invader. If management is successful in suppressing the invader,
management actions are needed to be applied only once. However, further
management of state E (transitions 16 or 17) will be required to prevent the
system from returning to state D.

11: Transition resulting from the alleviation of the negative impacts of the invader
on native co-occurring species, without reductions in its abundance. If
management is successful in reducing invader’s negative impacts, management
actions are needed to be applied only once. However, further management of
state F (transitions 12 or 14) will be required to prevent the system from returning
to state D.

12: Maintenance of the transient state F using management actions to attenuate
negative impacts of the invasive species. Long-term monitoring of the
management outcomes should be adopted to prevent further degradation of
system properties.

13: Unassisted transition from the transient state F back to the degraded stable
stated D with the cessation of management actions. Without the alleviation of
impacts caused by management actions, the invader resumes its negative
impacts on the recipient system.

14: Similarly to transition 10, this transition is dependent on management actions
aimed to reduce the abundance of the invasive species. A pathway from state D
to state E throughout state F represents the association of management actions to
reduce invader’s negative impacts (transition 11) with other techniques applied to
suppress its abundance. If management is successful in reducing invader’s
abundance, management actions are needed to be applied only once. However,
further management of state C (transitions 16 or 17) will be required to prevent
the system to return to state D.

15: Transition resulting from the unassisted increasing in abundance of the
invasive species in the absence of management actions to stabilize the system
within state E.
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16: Similarly to the management-based reinforcing mechanisms applied to the
state B (transition 4) and state C (transition 7), management actions to contain
invader populations should be applied for the stabilization of state E. Management
actions should be applied periodically (1-2 years) to guarantee no increment of
the invader’s population size.

17: Eradication of the invader from a state with low levels of invasion but with
altered conditions caused by the past dominance of the invasive species.
Differently from transition 5, this eradication does not result in restoration of pre-
invasion conditions, given the legacy left in the system even after complete
removal of invasive individuals. The management actions required for this
transition are related to the restoration of the native community (transition 17) and
the feedback mechanisms acting to stabilize the non-invaded system (transition
18). If management is successful in eradicating the invader, management actions
are needed to be applied only once.

18: Management-based maintenance mechanisms of the altered non-invaded
system. The former dominance of the invader results in legacy effects, requiring
the monitoring for the need of further restoration efforts aimed to increase the
resilience of this state. If needed, management actions could involve
manipulations of abiotic conditions, like soil chemical characteristics, and the re-
introduction of native species locally excluded by the invader. Timely, the
application of restoration efforts could be punctual or periodical (every year)
depending on the re-establishment of state self-reinforcing mechanisms.

19: Restoration of pre-invasion conditions from an altered non-invaded system.
This can only be achieved by overcoming the invader’s legacy in the system after
its eradication, including the seed bank and seed sources around. Although
theoretically possible, this transition is potentially unfeasible in practice, given the
complexity of ecological systems.

20: Re-invasion of a non-invaded altered area where the invader was eradicated
after achieving high densities. The reinvasion might be facilitated by the failure in
guaranteeing the stability of state G with management actions aimed to increase
its resilience.

Discussion

The degradation process

The degradation process caused by the invasive alien grass is characterized
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by changes in the feedback mechanisms acting on the recipient system. The
successful establishment of the invader is the trigger leading to these changes,
promoting the transition of the non-invaded stable state towards the completely
invaded stable state. In intransitive networks where there is no clear competitive
hierarchy between species, like species-rich tropical savannas, the system is
stabilized by negative feedbacks determined by the self-organized structure of the
community, (Beisner et al., 2003; Suding & Hobbs, 2009), which decreases
community invasibility by biotic resistance and limiting similarity mechanisms (Enders
et al., 2020). The introduction of the invasive alien species starts cascading positive
feedbacks between the invader and the proportion of bare cover at the ground level
(Damasceno & Fidelis, in preparation). At initial levels of cover (state B), the invasive
alien grass can create gaps within vegetation, thus increasing the availability of

space for its own expansion (Damasceno & Fidelis, in preparation).

New positive feedbacks, as a density-dependent population increase, appear
in the system as the invader’'s abundance become higher (Hui & Richardson, 2017,
Suding & Hobbs, 2009). At intermediate levels of cover (state C), the invader can
reduce the abundance of native species, thus temporarily decreasing the interspecific
competition it faces (Damasceno & Fidelis, in preparation). Beyond the community
level, the invader also promotes impacts at the ecosystem level, thus further
promoting the degradation process (Damasceno & Fidelis, in preparation; Douglas,
Setterfield, Rossiter, Barratt, & Hutley, 2004; Garcia, Xavier, Camargo, Vieira, &
Pivello, 2022; Rossiter-Rachor et al., 2009, 2017; Setterfield, Clifton, Hutley,

Rossiter-Rachor, & Douglas, 2018a; Zenni et al., 2020).

As the invader completely dominates the community, there is a reversion of

positive to negative feedbacks stabilizing the degraded invaded state (state D). When
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the invasive alien species reaches high levels of abundance, its competitive
advantages (Ens et al.,, 2015; Lawes & Grice, 2010; Musso et al.,, 2021),
modifications of abiotic conditions (Holly, Ervin, Jackson, Diehl, & Kirker, 2009) and
fire regimes (Gorgone-Barbosa et al., 2015; Rossiter-Rachor et al., 2009, 2017;
Rossiter et al., 2003) create negative feedbacks between its dominance and the
establishment of native species, thus stabilizing the invaded state as already found
for other grassy systems (Wilsey, Daneshgar, Hofmockel, & Polley, 2014).
Empirically, the resilience of the completely invaded state (state D) is attested by its
ecological resistance in absorbing disturbances from management actions (Assis et

al., 2021; Damasceno & Fidelis, 2020; Martins et al., 2011).

The maintenance of transient states by management actions

Since management actions can reduce both the abundance (Assis et al.,
2021; Damasceno & Fidelis, 2020) and the impacts of invasive alien grasses
(Damasceno, Durigan, & Fidelis, in preparation.; Zenni et al., 2020), we propose the
adoption of management actions to stabilize transient invaded states. The type of
actions taken will be determined by the local context, being guided by the aims of the
management (Robertson et al. 2020) and limited by constrains of financial,
socioeconomic and logistic origins (Crowley, Hinchliffe, & McDonald, 2017). In this
sense, the use of decision analysis can help managers optimize adaptive
management plans according to their reality (Maguire, 2004) in face of the myriad of
actions been tested for the management of invasive alien grasses in tropical
savannas. From the labor-consuming uprooting (Zenni et al. 2020) to the cheap use

of prescribed burnings (Damasceno et al. 2020), every technique has its pro and
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cons, and the combined use of them will probably result in the maximization of
results while decreasing the financial costs (Assis et al. 2021). Nevertheless, the
expected outcome of management, in terms of the status of the invasive alien
species (Robertson et al. 2020), can help narrow down the list to a few best

candidates.

Interventions tailored to the containment of the invader must impede its
population growth either by preventing the recruitment of new individuals or by
removing established individuals. In the first case, avoiding seed production is
paramount and can be achieved by mechanical, chemical or biological ways. The
cutting (Martins et al. 2011) or burning of adult individuals (Damasceno & Fidelis
2020) before they disperse seeds are examples of mechanical interventions; while
the use of pre-emerge herbicides (Sebastian, Nissen, & Rodrigues, 2016) is a
chemical option. There is also the potential for preventing seed dispersion by cattle
grazing, giving cattle preference for these grasses used as planted forages (Miles et
al.,, 1996). Cattle grazing damage the established individuals, reduce their
competitive ability and might prevent reproduction ( Beck et al. 2015; Ramirez-
Yafiez, Ortega-S, Brennan, & Rasmussen, 2007). However, due to possible negative
impacts of cattle on native vegetation (Kimball & Schiffman, 2003; Ash et al. 2011),
further studies considering this possibility are needed, especially regarding the

abundance of the invader.

The containment of the invader’s population is also possible by the removal of
established individuals, and this is desired for the reduction of its abundance, i.e,
suppression. Management techniques tailored to remove established invasive
individuals must kill them, what can be achieved by uprooting (Zenni et al. 2021),

hoeing or use of post-emergence herbicide (Assis et al. 2021). It could also involve
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the use of parasites (Sutton et al., 2019); however, due to lack of information,
biological control must be further investigated by scientific studies before its

application.

Impact accommodation involves the attenuation of invader’s negative impacts,
what can be achieved by damaging established individuals via disturbance. In this
sense, the use of prescribed burnings (Damasceno & Fidelis 2020), post-emergence
herbicides (Assis et al. 2021) and cattle grazing (Ramirez-Yafiez et al., 2007) can
decrease the competitive advantage of invasive alien grasses over native species,
thus reducing invader's impact on community diversity (Damasceno et al., in
preparation). Moreover, these three techniques can be used as a first action in
combined management, increasing the effectiveness and reducing the costs of
following actions (Assis et al. 2021). Nevertheless, it is essential to closely monitor
the invaded system during and after the application of management actions to detect

opportunity windows and avoid undesirable outcomes.

The restoration processes

After the invader successfully establishes, the potential for system restoration
derives from the gradual accumulation of the invader's negative impact as the
invasion progresses. In the state B, system modifications are incipient, and
eradication of the invader would revert the degradation process. As invader’s
impacts become more pronounced due to its increasing abundance, biotic and
abiotic conditions are further altered (Bilbao & Medina, 1990; Garcia et al., 2022;
Rossiter-Rachor et al., 2009, 2017; Setterfield, Clifton, Hutley, Rossiter-Rachor, &
Douglas, 2018b; Zenni et al., 2020). Nevertheless, the absence of massive abiotic
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alterations promoted by the invasive alien grasses, like modifications of hydrological
cycles and soil destabilization and erosion, enables the restoration of the degraded

stable state (Briske et al., 2006; King & Hobbs, 2006).

For restoration to succeed, the newly established negative feedbacks that
maintain the invasion in the long-term must be overcome (Rossiter et al., 2003).
However, the eradication of the invader in areas where it is completely dominant will
not lead the system back to its non-invaded condition because of the invader’s
legacy (Zenni et al., 2020). Therefore, the restoration of a completely invaded area
might lead to a different non-invaded stable state from the pristine one (state G). In
these cases, the need for the re-introduction of native species should be evaluated in
loco. As taxonomic and functional diversity help to increase community resistance to
invasions (Enders et al. 2020), active introduction of native species would,
hypothetically, help to reestablish self-reinforcing mechanisms and guarantee the
maintenance of the restored state. However, the efficacy of this action is yet to be
proved and it will certainly depend on the balance between positive (increased
resistance to invasion) and negative effects of active re-introduction of native species

(disturbance caused by interventions).

Conclusions

We created a threshold model resulting from short-term modifications of biotic
and abiotic components by the intensification of the invasion process, represented by
the invader’s abundance (Beisner, Haydon, & Cuddington, 2003; Briske et al., 2006;
Damasceno & Fidelis, in preparation; Suding, Gross, & Houseman, 2004; Suding &
Hobbs, 2009). We also considered our model to follow a hysteretic dynamic where
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the degradation and restoration pathways are not the same (sensu Suding & Hobbs,
2009). However, due to uncertainties about the effectiveness of restoration
techniques, we also included the possibility of the stable restored state (state G)
being brought back to the initial condition of the pre-invasion ecosystem (state A). By
including the possibility for both a non-hysteresis and hysteresis threshold model, we
minimized undesirable outcomes resulting from possible wrong assumptions about

the system (Suding & Hobbs, 2009).

We considered the model to be framed in the short-medium timescale based
on the life-cycle of invasive alien grasses. From the perspective of population
dynamics of the invader, a period of five years is enough for successive generations
to be incorporated in the system (Xavier et al.,, 2019; 2021). In the long-term, the
management of invasive alien grasses in tropical savannas should be considered
under the paradigm of adaptive management, in which the reduction of invader’s
impacts is the tenet (Garcia-Diaz et al., 2021). Therefore, we recommend the careful

monitoring of management actions outcome to guide future actions in the long-term.

We envisioned our model to be applied at a local scale because this is the
scale at which the management of grass-invaded tropical savanna is usually
adopted. However, we are aware that cross-scale dependencies might alter the
dynamics of these ecosystems (Suding & Hobbs, 2009). Hence, we suggest
comparisons of management actions taken under distinct contexts to investigate the
general applicability of the model at distinct spatial scales. We emphasize the model
was developed for the management of invasions in natural areas. Therefore,
because of the great potential of native species to recover from belowground
structures (Zupo et al. 2021), we did not include management techniques that

revolve the soil, as is performed in planted pastures (Sampaio et al. 2019).
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We suggest future studies to use a probabilistic approach (Briske et al., 2006)
to address the states and transitions as proposed here. The probabilities of a trigger
to occur in an area of interest might be estimated from information about the
propagule pressure (Guimardes Silva et al., 2020), seed dispersal (Rebolo et al.,
2021; Xavier et al., 2021) and the germination and establishment of invasive alien
grasses (Musso et al., 2019). The occurrence of a trigger could also be estimated for
different scenarios resulting from intentional management of the system (Gorgone-
Barbosa, Daibes, Novaes, Pivello, & Fidelis, 2020; Gorgone-Barbosa, Pivello, Baeza,
& Fidelis, 2016) or extreme climate conditions (Damasceno & Fidelis, 2020). Other
probabilities for the model could be derived from manipulative experiments aiming to

quantify the effect of management actions on population parameters.

Nevertheless, we identified population studies of invasive alien species as well
as the investigation of their belowground impacts as being the major knowledge gap
to the understanding and management in tropical savannas. Although some authors
have looked at aspects of invasive alien grasses populations, most of them
addressed questions related to seed dispersal and seedlings recruitment (Dairel &
Fidelis, 2020; Gorgone-Barbosa et al., 2020, 2016; Musso et al., 2019, 2015;
Paredes et al., 2018; Rebolo et al., 2021). Additionally, we also noted the lack of
studies considering plant—plant and plant-microorganism interactions, as well as

trophic consequences of grass invasion in tropical savannas.

We expect our model to be useful for managers dealing with the restoration of
grass-invaded tropical savannas. However, as any model, we recognize it will not
cover all aspects of reality. Above all, we hope to foster biodiversity conservation to
promote a healthier world. Beyond looking for simple eradication, we believe that

management should be carried out aiming to reduce the negative impacts of
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widespread invasive alien species, as is the case of exotic grasses in tropical

savannas.
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50 Mechanism neotropical savanna Silva-Matos, DM Oecologia 2021
Disturbance as a factor in breaking
dormancy and enhancing
invasiveness of African grassesin a Acta Botanica

51 Mechanism Neotropical Savanna Gorgone-Barbosa, E; Pivello, VR; Baeza, MJ; Fidelis, A Brasilica 2016
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CONSIDERACOES FINAIS

O objetivo desta tese foi, utilizando como espécie modelo Urochloa
decumbens, fornecer subsidios para 0 manejo de gramineas exéticas invasoras em
ecossistemas abertos de Cerrado. Visando a geracdo de informacdes que sejam
facilmente aplicadas em campo, escolhemos estruturar nossa pesquisa
considerando a abundancia da invasora como uma variavel indicadora do estado de
degradacdo do sistema invadido. Dessa forma, conciliamos as teorias sobre
invasdes biologicas e restauracdo ecoldgica com a pratica da ecologia aplicada no
dia a dia, feita a partir de observacfes diretas em campo. Esperamos que nossos
resultados influenciem o desenvolvimento de politicas publicas baseadas em
evidéncias cientificas para o0 manejo e restauracdo de ecossistemas abertos de
Cerrado.

Sempre considerando a abundancia da espécie exoética invasora como
elemento central do estudo, organizamos a tese a partir de uma sequéncia linear de
perguntas que correspondem aos trés capitulos desenvolvidos. No primeiro capitulo,
examinamos qual a relacdo entre a abundancia da graminea exética invasora e as
propriedades do sistema invadido; no segundo capitulo investigamos como a
abundéancia da graminea exoética invasora influencia o resultado de queimadas
prescritas para seu controle; e no terceiro capitulo respondemos como a abundancia
da invasora relaciona-se com transformacfes (degradacdo e restauracdo) do
sistema invadido por meio da elaboracdo de um modelo de estado-e-transi¢ao.

Nossos resultados corroboram o0s impactos negativos que gramineas
africanas exercem sobre as comunidades nativas de Cerrado, mas encontramos
poucas evidéncias de que 0S processos ecossistémicos estejam sendo alterados.
Indo além do que outros trabalhos haviam demonstrado, porém, elucidamos como

172



esses impactos estdo diretamente relacionados a abundancia da invasora.
Encontramos que os impactos da invasora nas comunidades nativas ndo aumentam
de forma linear com sua abundancia, implicando que pequenos aumentos de
abundancia da invasora podem acarretar grandes impactos.

Esta informacéo é crucial para o planejamento do manejo, pois € possivel
evitar que a invasora atinja niveis de abundancia que resultem nos maiores impactos
negativos para a comunidade nativa. Em relacdo a composicdo da comunidade, por
exemplo, ha uma diminuicdo na abundancia de gramineas nativas desde 0s niveis
iniciais de invasao (< 25% cobertura pela invasora), mas o impacto na diversidade
de espécies é amplificado em niveis intermediarios de abundéancia da invasora (50
~75% de cobertura pela invasora). Dessa forma, ainda que o0 impacto pareca
pequeno quando a invasora estd em baixas abundancias, o manejo deve ser
adotado tdo rapido quanto possivel para impedir que seus efeitos negativos se
magnifiquem e causem a exclusdo de espécies nativas.

Outra descoberta importante para fomentar o manejo dessas invasfes é que
a abundancia da invasora modula o efeito do fogo nas propriedades do sistema
invadido. Este resultado também tem importante aplicacdo pratica, pois permite um
melhor planejamento das acdes de manejo em relacdo a seus objetivos, que sao
dependentes do contexto e podem variar desde a reducdo da abundancia da
invasora até a promocao de formas de crescimento especificas, como arbustos
nativos. Entretanto, demonstramos também que queimadas prescritas sao eficientes
em atenuar 0sS Iimpactos da invasora sobre as comunidades nativas
independentemente de sua abundéancia. Todavia, este favorecimento das espécies
nativas da-se de formas diferentes a depender da abundancia da invasora, podendo

acontecer por meio do aumento da rigueza de espécies ou da equitabilidade das
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comunidades; ou por meio da reducédo da eficiéncia fotossintetizante da invasora. A
partir desta informacédo, a execucdo de diferentes acbes de manejo pode ser
planejada para depois da realizacdo das queimadas prescritas, visando promover

ainda mais as espécies nativas em detrimento da invasora.

Por fim, a grande contribuicdo desta tese é o desenvolvimento de uma nova
ferramenta, cientificamente embasada, para o planejamento e pratica da restauracéo
de ecossistemas abertos de Cerrado invadidos por gramineas exoéticas. No0SsO
modelo de estado-e-transicdo (Figura 1) demonstra as etapas da degradacao
dessas areas ao longo do processo invasivo, destacando possibilidades para deter
ou mesmo reverter esse processo. O ponto forte de nosso modelo é ser baseado na
abundancia da graminea invasora, permitindo que uma avaliagdo em campo informe
sobre a situagéo do sistema invadido e facilite a elaboragdo de um plano de manejo.
Alternativamente a indicar acbes de manejo especificas, apresentamos possiveis
trajetorias de restauracdo que podem ser seguidas a depender dos interesses e
possibilidades dos gestores em cada contexto. Recomendamos, porém, que as
acOes sejam tomadas o mais rapido possivel pois, a medida que o tempo passa, a
invasora aumenta em abundancia, o sistema torna-se mais alterado e a restauracao
mais complexa. Assim, propomos que 0S gestores priorizem a manutencdo do
estado ndo-invadido (estado A) ao evitarem a primeira transicdo, qual seja o
estabelecimento de populacdes viaveis da invasora. Além disso, propomos também
que acbes de manejo sejam priorizadas em areas nas quais a invasora ainda esteja
em niveis baixos de abundancia (estado B), faciltando sua erradicacdo e a
restauracdo do sistema néo-invadido.

De forma mais ampla, esperamos que nosso modelo, para além de ser

utilizado por gestores no manejo das gramineas invasoras, seja também uma fonte
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de inspiracdo para novos estudos cientificos. Acreditamos que a ciéncia € construida
de forma continua e colaborativa: cada nova resposta traz consigo varias outras
perguntas. E nesse processo dinamico, esperamos que nosso modelo instigue
perguntas e criticas que facam a ciéncia e a pratica da ecologia avancarem ainda
mais, criando alternativas para o enfrentamento dos desafios que a humanidade

encontrara em decorréncia das mudancas globais.
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Figura 1. Modelo de estado-e-transicdo de savanas tropicais invadidas por gramineas
exéticas. O eixo x representa a abundancia de gramineas invasoras, que esta relacionada
as alteracdes das propriedades do sistema, representada no eixo y. Combina¢ces dos dois
eixos resultam em estados alternativos a medida que a invasao progride e a¢cdes de manejo
séo aplicadas.

175



Box 1. Lista de estados

Estado A: Estado néo invadido estavel; determinado por condi¢des climaticas,
propriedades do solo e ocorréncia de queimadas naturais. Mantido por feedbacks
negativos entre a vegetacao e as propriedades abioticas do sistema.

Estado B: Estado invadido transiente. Representa o inicio de alteracbes nas
propriedades do sistema, causadas por niveis iniciais de abundancia da invasora
(< 25% de cobertura). Estas alteracdes promovem a criagcdo de feedbacks
positivos que desestabilizam a comunidade, como entre a abundancia da
invasora e a cobertura por solo nu. Devido a estes feedbacks, este estado
naturalmente progride para o estado C se ndao manejado.

Estado C: Estado transiente, resultante da Intensificagdo do processo de
invasdo. A invasora cobre entre 25% e 75% do solo e impacta mais propriedades
do sistema, como a diversidade da comunidade. Feedbacks positivos
desestabilizadores, entre a abundancia da invasora e espécies nativas,
promovem a transi¢do deste estado ao estado D se o manejo nao for adotado.

Estado D: Estado estavel completamente dominado pela espécie invasora, que
cobre mais de 90% da comunidade. H& transformacbes massivas de
propriedades bidticas do sistema, como composicdo da comunidade vegetal e
microbiota de solo associada. Devido ao estabelecimento de novos feedbacks
negativos estruturadores, como modificagcbes de regime de fogo e ciclos de
nutrientes, este estado se mantém caso acdes de manejo ndo sejam adotadas.

Estado E: Estado transiente caracterizado por niveis baixos de abundéancia da
invasora (< 25%) porém niveis intermediarios de alteracées das propriedades do
sistema. Este estado resulta da reducdo da abundancia da invasora por meio de
acOes de manejo em estados muito invadidos (estados D, F). Devido a feedbacks
positivos similares aos encontrados no estado B, este estado retorna ao estado D
se nao estabilizado por acdes de manejo.

Estado F: Estado transiente resultante de acdes de manejo em areas totalmente
invadidas (estado D). As acdes de manejo objetivam a redugéo dos impactos da
invasora ao invés de sua abundancia. Tende a retornar ao estado D se nédo
manejado continuamente devido a presenca de feedbacks positivos.

Estado G: Estado ndo invadido resultante da erradicagdo da invasora em areas
onde sua abundancia atingiu niveis altos (estados C e/lou F). Em tais
abundancias, a invasora pode ter promovido alteracdes irreversiveis nas
propriedades do sistema, impossibilitando a restauracéo das condi¢cdes anteriores
a invasdo (estado A). Sua estabilidade depende da criagcdo de feedbacks
negativos, como os encontrados no estado A, que aumentem sua resisténcia a
novas invasoes.
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Box 2. Lista de transicbes

1: Mecanismos de automanutencao de savanas tropicais responsaveis por evitar
a invasdo por gramineas exoticas, como a diversidade e a dindmica natural do
sistema.

2. Invasdo bem-sucedida de savanas tropicais por gramineas exoticas. Esta
transicdo ocorre quando a invasora estabelece uma populacéo viavel em meio a
vegetacdo nativa, causando alteracbes em propriedades do sistema como
condi¢Bes microclimaticas e afetando a abundancia de espécies nativas.

3: Intensificacdo nao-assistida do processo invasivo por meio do aumento da
abundéancia da invasora. Esta transicdo resulta de posteriores alteracées nas
propriedades do sistema, como riqueza de espécies nativas e composi¢cdo de
comunidades.

4: Manutencéo, por meio de acdes de manejo, do estado transiente B, a partir da
contencédo da populacdo da espécie invasora. Possiveis intervencdes envolvem a
prevencdo da dispersdo de sementes e/ou a remocdo de novos individuos
recrutados do banco de sementes. As acdes de manejo devem ser aplicadas
anualmente para garantir a contencéo da populacao ao longo do tempo.

5: Erradicacéo da invasdo em sistemas nos quais a abundancia da invasora seja
baixa (< 25% de cobertura). Somente pode ser atingida pela morte de todos os
individuos estabelecidos e deplecdo do banco de sementes da invasora. Estas
intervencdes podem ser executadas simultaneamente ou sequencialmente; apés
a garantia do sucesso de suas acles, 0 sistema torna-se resiliente e nenhuma
acao adicional € necessaria. O sistema restaurado permanece no estado A até a
ocorréncia de uma nova invasao.

6: Intensificagdo do processo invasivo. O aumento ndo-assistido da abundancia
da invasora resulta em transformacfdes massivas das comunidades nativas e de
processos do ecossistema, como produtividade primaria, regimes de disturbio e
ciclos biogeoquimicos; e possivelmente, impactos em niveis troficos mais altos
através da alimentacao por animais.

7. Similarmente a transicdo 4, estes mecanismos de estabilizacdo resultam da
aplicacdo de acOes de manejo delineadas para a limitar o crescimento da
populacdo da invasora. A¢ces de manejo devem ser aplicadas periodicamente (a
cada um ou dois anos) para manter o sistema no estado C.
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8: Transicao resultante de acdes de manejo objetivando a supresséo da invasora
de niveis intermediarios (25 ~ 75% de cobertura) para niveis baixos de
abundancia (< 25%). A supressao da invasora deve ser atingida pela remocao de
individuos estabelecidos, combinada ou ndo a acbBes que evitem o0
estabelecimento de novos individuos. Dado 0 sucesso em suprimir a invasora,
acOes de manejo devem ser aplicadas somente uma vez, Entretanto, outras
acOes de manejo aplicadas ao estado B (transicbes 4 ou 5) serdo necessérias
para evitar que o sistema progrida para o estado D.

9: Novos mecanismos de feedback, como hierarquias de competicdo modificadas
e regimes de disturbio alterados mantem o sistema no estado D. Ac¢bes de
manejo sdo necessarias para promover transicées em direcdo a estados menos
impactados pela invasora, como os estados E ou F.

10: Transicdo resultante da supressdo da invasora em areas totalmente
invadidas. Apesar da reducdo da abundancia da invasora, a restauracdo de
condi¢Bes anteriores a invasdo, como estrutura da comunidade e composicdo
guimica do solo podem ndo ser mais viaveis em virtude dos impactos massivos ja
causados pela invasora. Dado sucesso em suprimir a invasora, acdes de manejo
podem ser aplicadas somente uma vez. Entretanto, o manejo do estado E
(transicbes 16 e 17) sera necessario para prevenir o sistema de retornar ao
estado D.

11: Transicdo resultante da atenuacédo dos impactos negativos da invasora sobre
espécies nativas, sem reducdo de sua abundancia, entretanto. Dado o0 sucesso
em reduzir os impactos da invasora, acdes de manejo podem ser aplicadas
somente uma vez. Entretanto, 0 manejo do estado F (transi¢cdes 12 e 14) sera
necessario para prevenir o sistema de retornar ao estado D.

12: Manutencdo do estado transiente F pela execucdo de acbes de manejo
destinadas a atenuar os impactos negativos da invasora. Monitoramento do
sistema a longo-prazo € necessaria para prevenir possiveis degradacoes
resultantes da aplicacéo continuada de ac6es de manejo.

13: Transi¢do ndo-assistida do estado transiente F de volta ao estado degradado
estavel D a partir da cessacdo do manejo. Sem a atenuacdo de impactos, a
invasora volta a causar impactos negativos no sistema.

14: Similarmente a transicao 10, esta transicdo depende da implementacdo de
acOes de manejo para a reducao da abundancia da invasora. A trajetoria entre 0s
estados D-E que passa pelo estado F representa a associacdo do manejo para a
reducdo dos impactos negativos da invasora (transicdo 11) com outras técnicas
direcionadas a sua supressdo. Esta transicdo resulta de esforcos de manejo
pontuais, porém o manejo do estado E (transicfes 16 e 17) serd necessario para
evitar que o sistema retorne ao estado D.
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15: Transigao resultante do aumento ndo-assistido da abundéancia da invasora na
auséncia de a¢cbes de manejo que estabilizem o sistema no estado E.

16: Similarmente aos mecanismos de automanutencao dependentes de manejo
aplicados no estado B (transicdo 4) e C (transicdo 7), acbes de manejo para
conter a populacdo da invasora devem ser aplicadas para a estabilizacdo do
estado E. Acdes de manejo devem ser aplicadas periodicamente (a cada um ou
dois anos) para garantir que nao haja um incremento populacional da invasora.

17: Erradicacdo da invasdo a partir de um estado com baixa abundéncia da
invasora, mas no qual as propriedades do sistema ja foram alteradas pela anterior
dominancia da invasora. Diferentemente da transicdo 5, esta erradicacdo nao
resulta na restauracdo de condigBes anteriores a invasdo, dado o legado da
invasora apos sua erradicacdo. Acdes de manejo necessarias para promover esta
transicdo estdo relacionadas a restauracdo da comunidade nativa (transicdo 17) e
dos mecanismos de feedback que estabilizam o estado ndo-invadido (transicao
18)., Dado o sucesso em erradicar a espécie invasora, acdes de manejo devem
ser aplicadas somente uma vez.

18: Manutencao, por meio de acbes de manejo, do estado G né&o invadido. A
anterior dominancia da espécie invasora deixa legados no sistema, ensejando o
monitoramento da necessidade de ac¢Oes adicionais de restauracdo visando o
aumento da resiliéncia deste estado. Caso sejam necessarias, acdes de
restauracdo podem envolver a manipulacdo de condicbes abidticas, como
conteudo mineral do solo, e a reintroducdo de espécies nativas localmente
excluidas pela invasora. Temporalmente, as acdes de restauracdo podem ser
tanto pontuais ou perioddicas (a cada ano) dependendo do reestabelecimento de
mecanismos de automanuten¢do responsaveis por incrementar a resisténcia da
comunidade a novas invasoes.

19: Restauracdo de condi¢cBes anteriores a invasdo a partir de um sistema nao-
invadido, porém alterado pela prévia dominancia da invasora. Somente pode ser
alcancado a partir da eliminacdo do legado da invasora ap0s sua erradicacao,
incluindo banco de sementes e fontes de sementes vizinhas. Apesar de
teoricamente possivel, esta transicdo é potencialmente impossivel na pratica,
dada a complexidade de sistemas ecoldgicos.

20: Re-invasdo de uma area onde a invasora foi erradicada apos atingir uma alta
abundancia. A re-invasao pode ser facilitada pela falha em garantir a estabilidade
do estado G por meio de acbes de manejo direcionadas a aumentar sua
resiliéncia.
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