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Resumo 
Entender os processos ecológicos que promovem a coexistência de espécies arbóreas em ambientes com 

alta diversidade como as florestas tropicais é um tema central em ecologia de comunidades. Nesses 

ambientes, os principais mecanismos de coexistência são baseados em processos determinísticos como 

filtragem ambiental e competição intra- e interespecífica. O objetivo do presente estudo foi investigar 

principalmente os processos determinísticos utilizando abordagens recentes que avaliam a estrutura 

espacial das populações e a variação das estratégias funcionais de três espécies arbóreas congenéricas 

simpátricas em uma floresta tropical sujeita a alagamento periódico (Floresta de Restinga). Em uma 

parcela de 1 ha, todos os indivíduos pertencentes a três espécies de Myrcia (Myrtaceae) foram marcados 

e mapeados. Também coletamos dados de variáveis ambientais e atributos funcionais dos adultos das 

espécies estudadas. Encontramos que as espécies são filtradas em diferentes graus para as mesmas 

manchas ambientais sujeitas a alagamento dentro da parcela, evidenciando que a filtragem ambiental é 

um importante processo direcionando a distribuição espacial local das espécies estudadas. Não 

encontramos evidências que sustentassem a competição direta entre as espécies de Myrcia, a competição 

direta entre cada espécie de Myrcia e heteroespecíficos, a competição difusa entre as três espécies de 

Myrcia e a atuação da dependência negativa de densidade em cada uma das espécies de Myrcia. A 

tolerância às manchas sujeitas a alagamento pode ser mediada pelo coeficiente alométrico similar entre 

as três espécies estudadas, enquanto a ausência de competição entre as espécies de Myrcia pode ser 

explicada por diferentes atributos funcionais relacionados à aquisição de recursos (principalmente área 

foliar, área foliar específica e densidade da madeira). Assim, concluímos que a coexistência das três 

espécies de Myrcia é direcionada pela diferenciação de nicho como resultado de pressões seletivas de 

competição interespecífica passada. 
Palavras-chave: atributos funcionais, competição, dependência negativa de densidade, diferenciação 

de nicho, biodiversidade, ecologia de comunidades, estrutura espacial, filtragem ambiental, Floresta 

Atlântica, mecanismos de coexistência, processos ecológicos. 

  



 

 

Abstract 
Understanding the ecological processes that promote the coexistence of tree species in environments 

with high diversity such as tropical forests is a central theme in community ecology. In these 

environments, the main coexistence mechanisms are based on deterministic processes such as 

environmental filtering and intra- and interspecific competition. The aim of this study was to investigate 

especially the deterministic processes using recent approaches that assess the spatial structure of 

populations and the variation in functional strategies of three congeneric sympatric tree species in a 

tropical forest subject to seasonal flooding (Restinga Forest). In a 1 ha-plot, all individuals belonging to 

three Myrcia (Myrtaceae) species were marked and mapped. We also collected data on environmental 

variables and functional traits of adults of the species studied. We found that the species are filtered with 

different degrees to the same environmental patches subject to flooding within the plot, showing that 

environmental filtering is an important process driving the local spatial distribution of the species 

studied. We did not find evidence supporting direct competition between the Myrcia species, direct 

competition between each Myrcia species and heterospecifics, diffuse competition among the three 

Myrcia species, and the action of negative-density dependence in each of the Myrcia species. Tolerance 

to patches subject to flooding might be mediated by the similar allometric coefficient of the three species 

studied, while the absence of competition among the Myrcia species might be explained by different 

functional traits related to resource acquisition (mainly leaf area, specific leaf area, and wood density). 

Thus, our conclusion is that the coexistence of the three Myrcia species is driven by niche differentiation 

as a result of selective pressures of past interspecific competition. 

Keywords: functional traits, competition, negative-density dependence, niche differentiation, 

biodiversity, community ecology, spatial structure, environmental filtering, Atlantic Forest, coexistence 

mechanisms, ecological processes. 
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Introdução geral 
Entender os processos ecológicos que mantêm a alta diversidade de espécies em ambientes naturais, tais 

como florestas tropicais, é um dos objetivos centrais em ecologia de comunidades (He et al. 1996). Os 

principais mecanismos de coexistência descritos em florestas tropicais são filtragem ambiental, 

competição interespecífica (Wright 2002), estocasticidade demográfica (Wiegand et al. 2012) e 

dependência negativa de densidade (DND; LaManna et al. 2017). Uma das abordagens que tem sido 

empregada para estudar os mecanismos de coexistência é a avaliação da estrutura espacial das 

populações vegetais (Getzin et al. 2006, Brown et al. 2013, Yan et al. 2015). A premissa por trás dessa 

abordagem é que a distribuição no espaço dos indivíduos de espécies sésseis é o resultado de processos 

ecológicos que ocorreram ao longo da vida dos indivíduos, gerando uma estrutura espacial característica 

(Wiegand et al. 2007). 

Se a distribuição dos indivíduos responder à tolerância ambiental da espécie, i.e. filtragem 

ambiental, a distribuição espacial da população será relacionada às variáveis ambientais (Getzin et al. 

2006) e apresentará agregação na escala das manchas de habitat propício (Condit et al. 2000). Além 

disso, se duas ou mais espécies responderem de maneira distinta ao ambiente abiótico, o estabelecimento 

dos indivíduos em locais propícios para o desenvolvimento de cada espécie deve causar crescente 

dissociação no espaço entre as espécies ao longo do desenvolvimento dos indivíduos caso as associações 

de habitat não se formem logo nos primeiros estágios da vida (Comita et al. 2007). O padrão resultante 

é a segregação espacial observada entre as árvores grandes (comumente referidas como adultos) das 

diferentes espécies, em escalas espaciais que variam de acordo com a distribuição dos ambientes 

propícios (Itoh et al. 2003). Por outro lado, se cada espécie responder de maneira distinta ao ambiente 

abiótico e as associações de habitat se formarem nos primeiros estágios de vida (Baldeck et al. 2013), o 

padrão resultante é a segregação espacial entre as espécies desde os primeiros estágios de 

desenvolvimento dos indivíduos, como observado por Lan et al. (2012) em 38,4% das análises 

interespecíficas com plantas jovens. 

A competição interespecífica ocorre quando espécies interagem via exploração dos mesmos 

recursos, comumente limitados em ambientes naturais (Wright 2002). Assim, a competição ocorre 

principalmente em pequenas escalas espaciais que compreendem a vizinhança dos indivíduos 

(Velázquez et al. 2015). A competição intensa pode levar à morte dos indivíduos da espécie mais fraca 

competitivamente (Mayfield & Levine 2010). Consequentemente, assim como na filtragem ambiental, 

deve ocorrer crescente repulsão no espaço entre as espécies competidoras, resultando em segregação 

espacial dos adultos das diferentes espécies (Itoh et al. 2003). No entanto, a competição interespecífica 

atua em escalas espaciais menores do que a filtragem ambiental, i.e., na escala em que ocorre a interação 

ao invés da escala da mancha de habitat propício (Velázquez et al. 2015). Porém, nem sempre a 

competição resulta na morte do indivíduo da espécies competitivamente mais fraca, podendo ser 

detectada somente no decréscimo do crescimento ou da fecundidade quando o indivíduo da espécies 
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mais fraca localiza-se próximo a um indivíduo da espécie competitivamente mais forte (Kenkel 1988, 

Getzin et al. 2008). Assim, é esperada uma redução no tamanho do indivíduo pertencente à espécie 

competitivamente mais fraca conforme a distância do heteroespecífico mais forte diminui. Por outro 

lado, o tamanho dos indivíduos de uma espécie deve ser independente da proximidade de indivíduos da 

outra espécie se elas não competirem (Hubbell et al. 2001, Getzin et al. 2008). 

No entanto, a competição direta entre espécies com requisitos ambientais semelhantes pode ser 

anulada por outros mecanismos, tais como a competição difusa de heteroespecíficos e a dependência 

negativa da densidade de coespecíficos (DNDC; Chesson 2000), permitindo a coexistência de espécies 

dentro das mesmas manchas ambientais. Na competição difusa, as interações negativas simultâneas 

entre muitas espécies promovem a coexistência, suprimindo a vantagem competitiva das espécies mais 

fortes sobre as mais fracas (Godoy et al. 2017). No entanto, em ambientes severos como a floresta de 

restinga sazonalmente alagável na Mata Atlântica brasileira, não se espera que a competição 

interespecífica seja forte, como postulado pela hipótese do gradiente de estresse (He et al. 2013), e outros 

mecanismos como o DNDC podem ser mais importantes (Kim & Ohr 2020). Além disso, a agregação 

espacial comumente observada em espécies de florestas tropicais (Condit et al. 2000) pode levar a vários 

efeitos dependentes da densidade (Uriarte et al. 2005, Zhu et al. 2015a). A DNDC resulta principalmente 

de dois processos ecológicos distintos: competição intraespecífica e ataque de inimigos naturais espécie-

específicos (LaManna et al. 2017). Quando em alta densidade, coespecíficos podem competir 

intensamente (Tilman 1982, Wright 2002) e promover a atração e a disseminação de inimigos naturais 

(Janzen 1970, Connell 1971). Assim, as interações negativas coespecíficas são mais fortes do que as 

interações negativas heteroespecíficas, de forma que uma dada espécie é mais fortemente afetada pela 

densidade local de coespecíficos do que de heteroespecíficos (Chesson 2000, Zhu et al. 2015a, Liu et al. 

2022). Consequentemente, a mortalidade pode aumentar e o crescimento dos indivíduos pode diminuir 

com o aumento da densidade local de coespecíficos (Hubbell et al. 2001, Getzin et al. 2008, Comita & 

Hubbell 2009, Comita et al. 2014, Lebrija-Trejos et al. 2014), o que permite o estabelecimento de outras 

espécies na comunidade (Chesson 2000). 

A investigação de estratégias ecológicas intra- e interespecíficas também pode ajudar na 

distinção entre filtragem ambiental e competição interespecífica. Espécies que ocupam diferentes 

manchas de habitat devem apresentar características distintas indicando diferentes estratégias de 

tolerância. Por exemplo, uma base do tronco relativamente maior provém maior apoio e estabilidade 

mecânica a árvores, indicando uma estratégia mais eficiente de ocupação de manchas de habitat com 

solo mais instável (Mori et al. 2021). Por outro lado, espécies que usam diferentes recursos devem 

apresentar características distintas indicando diferentes estratégias de aquisição de recursos, as quais 

estão relacionadas com o equilíbrio entre crescimento e sobrevivência dos indivíduos. Por exemplo, 

densidade da madeira comumente apresenta relação negativa com área foliar (Wright et al. 2007), pois 

espécies com menor densidade da madeira têm maior eficiência hidráulica que permite maior tamanho 

de folhas, o que requer mais seiva (Wright et al. 2007, Chave et al. 2009). Espécies que investem mais 
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em área foliar apresentam estratégia mais eficiente de captura de luz, enquanto espécies que investem 

mais em densidade da madeira apresentam estratégia mais eficiente de crescimento e resistência a 

patógenos (Wright et al. 2004, Chave et al. 2009). A distinção das características de tolerância e 

aquisição de recursos das espécies pode ainda variar em diferentes escalas espaciais e ocorrer devido a 

plasticidade em resposta a variação ambiental local ou variabilidade genética interpopulacional (Violle 

et al. 2012). 

De maneira oposta, a coexistência de espécies direcionada por processos estocásticos, propostos 

por Hubbell (2001) em sua teoria neutra, também tem sido evidenciada em vários estudos (e.g., Wiegand 

et al. 2012, Wang et al. 2016). A teoria neutra assume que todas as espécies de um mesmo nível trófico 

são ecologicamente equivalentes em suas taxas demográficas, incluindo especiação e extinção. Assim, 

a riqueza e a abundância de espécies em uma comunidade dependeriam do equilíbrio a longo prazo entre 

o desaparecimento e o surgimento de novas espécies na escala regional (Hubbell 2005). Localmente, a 

coexistência do alto número de espécies em florestas tropicais dependeria de processos aleatórios de 

chegada de diferentes espécies na comunidade a partir do conjunto regional e de recrutamento 

estocástico dos novos indivíduos (Hubbell 2001). Assim, o estabelecimento de uma espécie depende 

dos indivíduos alcançarem um local disponível e se estabelecer antes das demais espécies da 

comunidade, e não das interações competitivas entre espécies. Dessa forma, o padrão espacial 

predominante nas populações de espécies arbóreas deve ser associação entre coespecíficos em diferentes 

fases de desenvolvimento devido à limitação de dispersão (Hubbell 2005), comum em florestas tropicais 

(Condit et al. 2000). Esse padrão é esperado se as plantas parentais não alterarem o ambiente e 

influenciarem o estabelecimento de novos indivíduos coespecíficos por sombreamento ou alelopatia 

(Kobe & Vriesendorp 2021). Outro padrão espacial esperado a partir de processos estocásticos é a 

independência entre heteroespecíficos, devido à irrelevância das interações entre espécies (Wiegand et 

al. 2007).  

As espécies congenéricas são um bom modelo para examinar os processos ecológicos que 

mantêm a diversidade nas comunidades porque elas tendem a apresentar nichos semelhantes devido à 

sua proximidade filogenética (Burns & Strauss 2011, Baraloto et al. 2012). Espécies congenéricas em 

locais com condições ambientais severas podem revelar padrões espacialmente significativos, pois tais 

ambientes restringem o crescimento e o estabelecimento das plantas, podem promover divergências na 

aquisição de recursos entre espécies e alterar resultados competitivos (Muench & Elsey-Quirk 2019). 

Assim, uma questão intrigante é como três espécies de Myrcia (Myrtaceae) que estão amplamente 

distribuídas na Mata Atlântica brasileira podem co-ocorrer em floresta de restinga sazonalmente 

alagável.  
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Objetivos e expectativas 
O objetivo geral do presente estudo é investigar evidências de processos ecológicos que podem 

estruturar a comunidade arbórea em uma floresta de Restinga com áreas sazonalmente alagáveis. Nossos 

objetivos específicos foram explorar os processos ecológicos de filtragem ambiental, competição 

interespecífica e limitação de dispersão, bem como o mecanismo de dependência negativa de densidade 

de coespecíficos (DNDC), resultante de competição intraespecífica e ataque de inimigos naturais 

espécie-específicos, como potenciais direcionadores da coexistência das espécies estudadas. Utilizamos 

como modelo três espécies congenéricas simpátricas e buscamos inferir os processos e mecanismos por 

meio da estrutura espacial das populações e da variação das estratégias funcionais das espécies. 

De acordo com as diferentes hipóteses de coexistência das espécies, temos as seguintes 

expectativas: (1) Se a filtragem ambiental for o principal mecanismo de coexistência, esperamos que a 

distribuição de cada espécie seja relacionada a variáveis ambientais distintas, as variáveis ambientais 

influenciem as interações congenéricas, os adultos congenéricos sejam espacialmente segregados em 

escalas espaciais maiores que a escala de vizinhança e os atributos funcionais relacionados à tolerância 

ambiental sejam divergentes entre as três espécies. (2) Se a competição interespecífica for mais 

importante, os adultos congenéricos devem ser espacialmente segregados na escala de vizinhança, 

apresentar redução de tamanho em função da proximidade com congenéricos e apresentar convergência 

dos atributos funcionais relacionados à aquisição de recursos. (3) Se processos estocásticos 

influenciarem mais fortemente a estrutura espacial das populações, esperamos independência espacial 

entre indivíduos congenéricos pertencentes à mesma classe de tamanho e ausência de variação 

interespecífica nos atributos funcionais. Nos casos 1, 2 e 3, esperamos influência da limitação de 

dispersão (associação espacial entre coespecíficos pequenos e grandes), devido à predominância desse 

processo em espécies arbóreas tropicais. (4) Se a DNDC for um forte direcionador da coexistência das 

espécies, esperamos detectar efeitos dependentes de densidade mais fortes entre coespecíficos em 

relação a heteroespecíficos. 

A tese foi dividida em três capítulos que abordam evidências complementares de processos 

ecológicos e mecanismos que podem direcionar a coexistência das espécies estudadas. O primeiro 

capítulo foi publicado na revista Ecology and Evolution, e os capítulos dois e três estão redigidos em 

inglês para publicação em periódicos científicos internacionais. No primeiro capítulo, examinamos a 

filtragem ambiental, a competição interespecífica direta e a limitação de dispersão por meio da 

influência de variáveis ambientais sobre o padrão de distribuição espacial das populações das três 

espécies congenéricas estudadas, a relação espacial entre as classes de tamanho de congenéricos e 

coespecíficos, a distribuição espacial do tamanho dos indivíduos das três populações e as interações com 

outras espécies simpátricas da comunidade. No segundo capítulo, investigamos a DNDC e a competição 

difusa por meio dos efeitos dependentes de densidade na mortalidade e no tamanho dos indivíduos, se 

esses efeitos são mais fortes em árvores pequenas do que em árvores grandes, e se a mortalidade e o 
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tamanho são influenciados pela heterogeneidade ambiental. No terceiro capítulo, observamos a variação 

das estratégias funcionais entre as espécies e como essas estratégias variam entre e dentro da mesma 

espécie em resposta à variação ambiental. 
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Área de estudo 
A Mata Atlântica brasileira apresenta apenas cerca de 12% de sua cobertura original distribuídos em 

fragmentos (Ribeiro et al. 2009). Devido à alta riqueza de espécies, endemismo e grande pressão 

antrópica, a floresta ao longo da costa foi classificada como um hotspot para conservação da 

biodiversidade (Myers et al. 2000). Sua maior área contínua preservada inclui o Parque Estadual da 

Serra do Mar (PESM; 23°34’ - 23°17’S e 45°02’ - 45°11’O), que recobre a formação montanhosa da 

Serra do Mar ao longo da costa do estado de São Paulo, sudeste do Brasil, e compreende uma variação 

altitudinal de 0 m a 1.200 m (Alves et al. 2010). Devido a sua grande extensão (332.000 ha), o PESM é 

dividido em núcleos administrativos. O Núcleo Picinguaba localiza-se em Ubatuba, litoral norte do 

estado de São Paulo (Parque Estadual da Serra do Mar 2018), e compreende as fitofisionomias florestais 

de Restinga, Floresta Ombrófila Densa de Terras Baixas, Floresta Ombrófila Densa Submontana e 

Floresta Ombrófila Densa Montana (Joly et al. 2012). O clima da região é tropical úmido, com 

precipitação média anual de 2.634 mm. A precipitação média mensal de outubro a abril (período 

chuvoso) é > 200 mm e a de maio a setembro (período menos chuvoso ou seco) varia de 80 mm a 160 

mm. A temperatura média anual é próxima dos 22ºC, com temperatura média máxima de 30,4ºC em 

fevereiro e mínima de 12,6ºC em julho (Morelatto & Haddad 2000). 

A Floresta de Restinga de Picinguaba ocorre na planície costeira a aproximadamente 10 m de 

altitude (Alves et al. 2010, Joly et al. 2012). Em geral, essa fitofisionomia apresenta também estratos 

arbustivo e herbáceo desenvolvidos, e comporta epífitas e trepadeiras (Fernandes & Queiroz 2015). É 

um tipo de vegetação edáfica, associada aos depósitos arenosos costeiros quaternários, na qual os solos 

representam papel importante no desenvolvimento florestal (Bonilha et al. 2011) devido a atuação da 

podzolização resultante das inundações periódicas (Gomes et al. 2007). Na área de estudo, os solos são 

arenosos, muito ácidos e com teores variáveis de matéria orgânica (Martins 2010). As populações de 

algumas espécies vegetais são tolerantes ao alagamento, enquanto outras restringem-se às áreas secas 

devido à limitação fisiológica (Pedroni 2001, Diniz 2009, Oliveira 2011). 

No presente estudo, os dados foram coletados em uma parcela permanente de 1 ha instalada na 

Floresta de Restinga do Núcleo Picinguaba. Parte da floresta é alagada periodicamente, com a presença 

de cordões arenosos formados entre canais de inundação, os quais influenciam a distribuição das plantas 

(Diniz 2009, Figura 1A). Essa parcela foi instalada no âmbito do Projeto Temático “Gradiente 

Funcional” (Biota/FAPESP 03/12595-7), sendo denominada de parcela A, e subdividida em 100 

subparcelas de 10 m x 10 m (Figura 1B). Todos os indivíduos arbóreos e palmeiras com diâmetro na 

altura do peito (DAP, medido à 1,30 m de altura) igual ou maior do que 4,8 cm foram identificados, 

tiveram seu DAP medido e a sua localização espacial determinada em 2006 (Joly et al. 2012). No 

primeiro semestre de 2015, foi realizado o quarto censo da parcela no âmbito do Projeto “Processos 

ecológicos espacialmente estruturados em uma floresta tropical megadiversa - EcoSpace” (Edital 

Universal CNPq, processo número 459941/2014-3), seguindo o mesmo protocolo utilizado pelo Projeto 
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Temático. Os dados dos quatro inventários florestais realizados na parcela podem ser obtidos em 

Florestplots.net. 

 

A 

 

B 

 

Figura 1. A) Localização da Parcela A na Floresta de Restinga da Praia 

da Fazenda, Núcleo Picinguaba, Parque Estadual da Serra do Mar, 

Ubatuba, SP. Imagem alterada de Joly et al. (2012). B) Canal inundado 

entre cordões arenosos regressivos durante o período de chuvas na 

Floresta de Restinga. Imagem retirada de Diniz (2009). 
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Espécies estudadas 
As três espécies escolhidas pertencem ao gênero Myrcia (Myrtaceae, subfamília Myrtoideae). 

Myrtaceae apresenta o maior número de espécies em florestas tropicais úmidas (Oliveira-Filho & Fontes 

2000), sendo considerada uma família modelo no domínio fitogeográfico da Floresta Atlântica (Lucas 

& Bünger 2015). No Núcleo Picinguaba, a família é representada por 138 espécies, sendo 28 espécies 

na Floresta de Restinga. As espécies M. brasiliensis, M. multiflora e M. racemosa representam 2,65% 

do total de espécies e apresentam 50 ou mais indivíduos com DAP ≥ 4,8 cm na parcela estudada, 

possibilitando análises espaciais mais consistentes. As espécies estudadas ocorrem predominantemente 

na Floresta Atlântica, mas podem ser encontradas em todo território brasileiro (Figura 2). Dentre as 

fitofisionomias encontradas no Núcleo Picinguaba, as espécies ocorrem somente na Floresta de 

Restinga. 

Figura 2. Distribuição geográfica de Myrcia brasiliensis, M. multiflora e M. 

racemosa no Brasil. Dados obtidos na plataforma speciesLink (2018). Os pontos 

vermelhos são as coordenadas informadas por coleções biológicas; as regiões 

com tonalidades diferentes representam os diferentes domínios fitogeográficos 

do Brasil. 

 

Myrcia brasiliensis Kiaersk (sinonímia Gomidesia schaueriana O. Berg) é um arbusto, arvoreta 

ou árvore que, no estado de São Paulo, foi observada variando de 2 m a 30 m de altura. Tem folhas 

verdes ou marrons, inflorescência em panículas amarelado-esbranquiçadas a ligeiramente douradas, 

botões de 4-6 mm de comprimento, e frutos globosos de coloração amarelo, alaranjado e avermelhado 

a preto com 9-14 mm de diâmetro (Caliari 2013, Figura 3A). Na Floresta de Restinga na Ilha do Mel, 

Paraná, foi observada florescendo de outubro a janeiro e frutificando de dezembro a junho (Marques & 

Oliveira 2004). Na Restinga do Parque Estadual da Ilha do Cardoso, São Paulo, o pico de floração ocorre 

em janeiro e o de frutificação, em maio (Staggemeier et al. 2010). 

Myrcia multiflora (Lam.) DC. é uma árvore que, em áreas de Floresta Estacional Semidecídua, 

capoeira e campo rupestre de Minas Gerais, apresenta altura entre 2 m e 4 m (Morais & Lombardi 2006, 

Rosa & Romero 2012), enquanto na Restinga de Marambaia, Rio de Janeiro, os indivíduos alcançam 

até 18 m (Souza et al. 2007). Apresenta caule descamante, folhas discolores com glândulas evidentes, 
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flores pediceladas reunidas em panículas e frutos globosos. Os botões variam de 1,5-3 mm de 

comprimento, e os frutos são negros e variam de 3,6-6 mm de diâmetro (Morais & Lombardi 2006, Rosa 

& Romero 2012, Figura 3B). Na Restinga de Marambaia, a espécie apresenta flores de julho a fevereiro, 

e frutos de outubro a abril (Souza et al. 2007). Já na Restinga da Ilha do Mel, a floração restringe-se aos 

meses de outubro a janeiro e a frutificação, de dezembro a abril (Marques & Oliveira 2004). Na Restinga 

do Parque Estadual da Ilha do Cardoso, o pico de floração ocorre em janeiro e o de frutificação, em 

março (Staggemeier et al. 2010). 

Myrcia racemosa (O. Berg) Kiaersk é uma árvore cujos indivíduos localizados na Floresta 

Ombrófila Densa na Ilha do Mel atingem até 6 m de altura (Lima et al. 2015), enquanto em material 

examinado em várias regiões do estado do Rio de Janeiro, a espécie atingiu até 8 m de altura (Souza et 

al. 2007). É caracterizada por apresentar ramos novos, pecíolos, inflorescências e nervura central das 

faces abaxial e adaxial das folhas densamente cobertos por tricomas. O caule é descamante e as folhas 

têm ápice longo-acuminado. Os botões têm 2 mm de comprimento, as flores são sésseis ou pediceladas 

e os frutos são globosos avermelhados com 4,3-6,5 mm de diâmetro (Figura 3C). Na Restinga de 

Marambaia, floresce de outubro a janeiro e frutifica de janeiro a julho (Souza et al. 2007). Na Restinga 

do Parque Estadual da Ilha do Cardoso, o pico de floração ocorre em fevereiro e o de frutificação, em 

julho (Staggemeier et al. 2010). 

 

 

Figura 3. Ramo fértil das espécies estudadas Myrcia brasiliensis (A), M. multiflora (B) e 

M. racemosa (C). Imagem de C. Caliari. Disponível em 

http://143.107.246.248/peic/guiaplanta.php.  
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Abstract 
The investigation of ecological processes that maintain species coexistence is revealing in naturally 

disturbed environments such as the white-sand tropical forest, which is subject to periodic flooding 

that might pose strong habitat filtering to tree species. Congeneric species are a good model to 

investigate the relative importance of ecological processes that maintain high species diversity because 

they tend to exploit the same limiting resources and/or have similar tolerance limits to the same 

environmental conditions due to their close phylogenetic relationship. We aim to find evidence for the 

action and relative importance of different processes hypothesized to maintain species coexistence in a 

white-sand flooded forest in Brazil, taking advantage of data on the detailed spatial structure of 

populations of congeneric species. Individuals of three Myrcia species were tagged, mapped, and 

measured for diameter at soil height in a 1-ha plot. We also sampled seven environmental variables in 

the plot. We employed several spatial point process models to investigate the possible action of habitat 

filtering, interspecific competition, and dispersal limitation. Habitat filtering was the most important 

process driving the local distribution of the three Myrcia species, as they showed associations, albeit 

of different strength, to environmental variables related to flooding. We did not detect spatial patterns, 

such as spatial segregation and smaller size of nearby neighbours, that would be consistent with 

interspecific competition among the three congeneric species and other co-occurring species. Even 

though congeners were spatially independent, they responded to differences in the environment. Last, 

dispersal limitation only led to spatial associations of different size classes for one of the species. 
Given that white-sand flooded forests are highly threatened in Brazil, the preservation of their 

different habitats is of utmost importance to the maintenance of high species richness, as flooding 

drives the distribution of species in the community. 
Keywords: Atlantic Forest, coexistence, community structure, congeneric species, ecological 

processes, habitat filtering, natural disturbance, restinga, spatial point processes 
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Introduction 
Understanding the ecological processes that maintain high species diversity in natural environments, 

such as tropical forests, is fundamental in community ecology (Leight et al., 2004; Brown, 2014). The 

main processes maintaining species coexistence in tropical forests are deterministic or stochastic 

(Chase and Myers, 2011). The deterministic processes of interspecific competition and habitat filtering 

are based on the species’ niche (Wright, 2002). Species that exploit the same limiting resources or that 

have similar tolerance limits to the same environmental conditions compete intensely (Chesson, 2000), 

especially in the case of sessile organisms such as trees (Silvertown, 2004). In a two-species model 

with asymmetric competition, the stronger species exclude the weaker species (Schluter, 2000) or 

constrains the spatial distribution of the weaker species to less favourable environments (Baraloto et 

al., 2007). Thus, if these deterministic processes are important forces structuring a community, species 

coexistence is possible when there is niche partitioning among the species or high environmental 

heterogeneity that enables species with similar niches to be restricted to somewhat different 

environments (Silvertown, 2004). On the other hand, according to the neutral theory (Hubbell, 2001), 

species diversity results from a balance between stochastic emergence and disappearance of species at 

the regional scale (Hubbell, 2005). Locally, seed arrival in vacant recruitment sites is unpredictable, 

considering the spatio-temporal variation in availability of space. However, dispersal and recruitment 

limitation, common in tropical forests (Hubbell et al., 1999), can prevent the most abundant species 

from occupying all available recruitment sites and thus dominating the community over time 

(competition exclusion), i.e. “winning-by-forfeit” (Hurtt and Pacala, 1995; Hubbell, 2001). 

The ecological processes that act on each individual plant throughout its life determine the 

arrangement of plants in space, with each process generating a characteristic spatial structure at a 

given spatial scale (Hubbell et al., 2001). Habitat filtering, for example, is expected to result both in 

spatial segregation of species with different environmental requirements at spatial scales larger than 

the size of patches within which the environment is approximately homogeneous (Itoh et al., 2003; 

Getzin et al., 2006; Table 1) and in spatial association of species with similar environmental 

requirements at spatial scales smaller than these patch scale (Burns and Strauss, 2011; Table 1). When 

these species additionally compete within patches, reduced resource availability should result in a 

decrease in growth rate (Kenkel, 1988), thereby causing nearby neighbours to be smaller than distant 

trees (Getzin et al., 2008; Table 1). Also, in extreme cases, the stronger competitor can eventually 

cause mortality of the weaker competitor (Kenkel, 1988), resulting in spatial segregation of competing 

species at the small neighbourhood scale (say < 5 m; Velázquez et al., 2015; Table 1).  

In contrast, if stochastic mechanisms governs community structuring as assumed in the neutral 

theory, we should observe an approximate independent spatial relationship between species pairs 

(Volkov et al., 2007; Table 1). Additionally, species distributions should not be related to 

environmental characteristics, as all species are expected to respond to the environment in a similar 
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way (Hubbell, 2005). Last, dispersal limitation is expected to result in aggregation of seeds and small 

trees, and in spatial associations of seeds and smaller trees with large trees (Murphy et al., 2017; Table 

1). 

Even though habitat filtering and dispersal limitation both result in aggregation and spatial 

association of conspecifics, the former reflects environmental tolerance of species (Kraft et al. 2015) 

that can lead to species distribution related to local environmental variables, whereas the latter can 

cause high density of small trees centred on conspecific large trees (Wang et al., 2015). Additionally, 

the spatial pattern of conspecifics of different sizes can indicate which ecological process has acted 

more strongly on the population (Comita et al., 2007; Shen et al., 2009). Species-habitat association 

might change across demographic stages of plant development, possibly resulting in spatial 

dissociation between size classes. Moreover, species-habitat association is expected to be stronger for 

large than for small trees (Comita et al., 2007; but see Baldeck et al., 2013). On the other hand, 

aggregation of conspecifics of different sizes and spatial association between size classes are expected 

under strong dispersal limitation (Wiegand et al., 2007). However, spatial patterns driven by dispersal 

limitation may be masked by high mortality of seeds and small trees that occur at high local densities 

in the neighbourhood of parent trees due to intraspecific competition and the attack of species-specific 

natural enemies (Comita et al., 2014; Getzin et al., 2014), which is known as conspecific negative-

density dependence (CNDD; LaManna et al., 2017). 

The investigation of ecological processes that maintain species coexistence is revealing in 

naturally disturbed environments such as the Brazilian white-sand tropical forest, which is subject to 

periodic flooding (Eisenlohr et al., 2013). Flooding reduces the amount of oxygen available for roots, 

and consequently limits plant growth (Oliveira and Joly, 2010) and increases plant mortality (Johnson 

et al., 2017). The soil moisture gradient thus acts as a selective pressure on plants that can result in 

niche differentiation among co-occurring species (Werner and Platt, 1976) and different species-

habitat associations in the white-sand tropical forest, according to each species’ flooding tolerance and 

local environmental heterogeneity (Baraloto et al., 2007). Additionally, flooding can act as a strong 

driver of species composition through habitat filtering (Baraloto et al., 2007; Eisenlohr et al., 2013, 

Oliveira et al., 2014). Therefore, changes in environments subject to flooding, such as those caused by 

climate change or land use changes, are likely to lead to drastic changes in community structure. These 

changes include spatial rearrangement or local extinction of species according to their tolerance ranges 

and the new environmental characteristics (Kraft et al., 2015). Nevertheless, few studies have 

evaluated the spatial structure of trees in environments with seasonal flooding such as the highly 

threatened Brazilian white-sand tropical forest (e.g. Baraloto et al., 2007; Oliveira et al., 2014).  

Congeneric species are a good model to investigate the relative importance of ecological 

processes that maintain high species diversity because they tend to exploit the same limiting resources 

and/or have similar tolerance limits to the same environmental conditions due to their close 

phylogenetic relationship (Losos, 2008). Therefore, strong interspecific competition within the same 



 

 

29 

tolerable environment should be easily detected, resulting in spatial association between species at the 

scale of environmental patches (< 30 m) due to habitat filtering and dissociation at the scale of local 

neighbourhood (< 5 m) due to interspecific competition (Velázquez et al., 2015). However, congeneric 

species may show niche differentiation due to selective pressures that acts on each one of them at the 

evolutionary scale, including competition within the same tolerable environment (Wiegand et al., 

2007). This “ghost of competition past” results, at present day, in each species specialized in a 

different environment (Stubbs and Wilson, 2004; Yamada et al., 2005) or in different use of resources 

within the same tolerable environment (Schluter, 2000). Alternatively, species’ niche may not be 

important, and so the spatial structure of populations should reflect dispersal limitation and 

stochasticity (May et al., 2014). 

The present study aims to find evidence for the action and relative importance of different 

ecological processes hypothesized to maintain species coexistence in a tropical forest subject to 

seasonal flooding, taking advantage of data on the detailed spatial structure of populations of three 

congeneric species. Specifically, we ask: (1) which environmental variables are associated with the 

spatial distribution of the different size classes of each species? (2) What is the spatial relationship 

between congeners in the same size class? (3) Is the size of an individual influenced by the proximity 

to congeners in the same size class? (4) What is the spatial relationship between small and large 

conspecific trees? (5) Are the spatial patterns of the three congeners explained by interactions with 

other co-occurring species? The combination of different spatial patterns will indicate which 

ecological processes are more important to the maintenance of species coexistence in the white-sand 

flooded tropical forest (see Table 1). 
 

Material and methods 

Study site 
The Brazilian Atlantic Forest covers today only about 12% of its original extension and is distributed 

in fragments (Ribeiro et al., 2009). Because it also presents high species richness and endemism, the 

forest along the coast was classified as a hotspot for biodiversity conservation (Myers et al., 2000). 

The vegetation closest to the beach, covering sandy soils, is called restinga. It can vary from sparse 

herbaceous to forest communities (i.e. white-sand tropical forest; Oliveira et al., 2014). The low 

altitude (< 10 m; Joly et al., 2012) and fairly shallow water table result in periodic flooding, especially 

during the rainy season. Microtopographic variation forms dry sandy cords between flood channels, 

which, when dry, hold high quantities of organic matter (Diniz, 2009). While some plant species are 

flood-tolerant, others are restricted to the sandy cords (Oliveira et al., 2014). Due to their proximity to 

the beach, restinga communities are highly threatened in Brazil by the real estate market (Alho et al., 

2002). 

In the present study, we collected data in a 1-ha, permanent plot (23° 21’ 22” S and 44° 51’ 
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03” W) installed at a protected white-sand flooded forest in the northern coast of the state of São 

Paulo, southeastern Brazil. There is a mountain range along the coast and the forest studied was 

recently formed from the downward movement of some species from the Atlantic Forest of the interior 

of the state of São Paulo (Eisenlohr et al., 2013; Sanchez et al., 2013). The white-sand forest is 

composed of dense vegetation with a large proportion of trees in the intermediate stratum (5-10 m 

height), but light levels are high in the understory due to canopy irregularities. There are also a shrub 

and an herbaceous stratum, epiphytes and lianas (Joly et al., 2012). The regional climate is tropical 

humid, with mean annual precipitation of 2634 mm and mean annual temperature around 22 ºC 

(Morellato et al., 2000). The study plot was divided into 100 subplots of 10 m × 10 m and presents 84 

tree and palm species, being Myrtaceae and Fabaceae the richest families, and Myrtaceae, Arecaceae 

and Euphorbiaceae the most abundant ones (Joly et al., 2012). 

 

Species studied 
The three species studied belong to the genus Myrcia, family Myrtaceae, subfamily Myrtoideae. 

Myrtaceae presents the highest number of species in tropical rainforests (Oliveira-Filho and Fontes, 

2000) and is considered a characteristic family in the Brazilian Atlantic coastal forest (Lucas and 

Bünger, 2015). In the study plot, there are 21 Myrtaceae species, seven belonging to Myrcia (Joly et 

al., 2012). The three species studied have 50 or more individuals in the plot (individuals with stem 

diameter at breast height ≥ 4.8 cm; data from the Functional Gradient Project Biota/FAPESP 

03/12595-7 – available upon request). 

The three species are not restricted to the white-sand forest and are widely distributed in the 

Atlantic Forest (Appendix S1). Their fruits have a fleshy pulp with 1-4 seeds and dark-reddish 

coloration, characteristics attractive to birds (Castro 1998, Pedroni 2001). Fruits of M. brasiliensis 

show a larger diameter (9-14 mm; Caliari 2013) than fruits of M. multiflora and M. racemosa (3.5-6.5 

mm; Morais and Lombardi 2006, Souza et al. 2007, Rosa and Romero 2012). In the study plot, the 

species occupy different canopy strata. Myrcia brasiliensis occupies the first stratum and also occurs 

as an emergent tree; M. multiflora occupies the first and second strata, and M. racemosa occupies the 

first stratum (Pedroni, 2001). The three species increase water absorption in the soil at 50 cm depth 

and reduce the use of topsoil water (10 cm depth) from the flooded to the dry period. In the dry period, 

the species show a similar use of water sources, but M. racemosa absorves a higher proportion of 

water at 30-cm depth (Antunes, 2018). The similar water use suggests that the three Myrcia species are 

restricted to similar environments in the periodically flooded white-sand forest studied here, but we 

lack additional data on between-species variation of functional traits and plant physiological processes 

to hypothesize whether the species occupy similar niches. 
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Data collection 
Between 2016 and 2017, we marked with individually numbered tags all freestanding stems with 

diameter at soil height (DSH) ≥ 1.5 mm (minimum size at which taxonomic identification was 

possible) of the three species studied. We also measured the DSH and mapped the x, y coordinates of 

all individuals in the study plot. Diameter at soil height was measured above root insertion, at the point 

where the stem shows an approximated circular shape. 

We sampled environmental variables that are likely related to different species requirements in 

a white-sand flooded tropical forest. Canopy openness, elevation, terrain slope and soil moisture were 

obtained at a 10 m Í 10 m scale, while flooding depth and litterfall depth were measured at a 5 m Í 5 

m scale. We measured canopy openness, elevation and terrain slope following Rosa et al. (2019). 

Canopy openness was calculated from hemispherical photographs and represents light availability in 

the understory. Because recent light environment should influence smaller plants and past light 

environment likely influenced large trees as they were growing (Poorter, 2007), we measured canopy 

openness at two different times (years 2008 and 2017). Elevation and terrain slope are associated with 

flooding depth in the study area, with lower flooding depth in higher and steeper patches (Diniz, 

2009). Soil moisture was determined as the volumetric soil water content measured at the centre of 

each subplot at 12-cm depth with a HS2 Hydrosense II sensor (Campbell Scientific, Logan, Utah, 

USA; Uriarte et al., 2018) and represents soil water availability. We measured flooding depth and 

litterfall depth at four diagonal points 3.5 m from each corner of the subplots using a graduated stake 

(Souza and Martins, 2005; Wang and Augspurger, 2006). Flooding depth was measured during the 

rainy season (January 2017), as flooding can limit plant growth (Oliveira and Joly, 2010) and increase 

plant mortality (Johnson et al., 2017). Although litterfall is not related to the environmental 

requirements of plants, it can cause seedling mortality and significantly influence forest regeneration 

(Gillman, 2016). 

 In order to determine whether the spatial patterns of the three Myrcia species were explained 

by interactions with other co-occurring species, we selected the species with 30 or more individuals in 

the study plot (abundant species) from the Functional Gradient Project database to be included in our 

analysis. We only included abundant species because smaller samples result in too large stochastic 

effects in the characterization of the spatial structure of populations (Wiegand et al., 2016). The 

database presents botanical identification, diameter at breast height (DBH) and spatial location (x, y 

coordinates) of each individual tree or palm with DBH ≥ 4.8 cm (Joly et al., 2012). Our dataset 

comprised 14 abundant species including the three Myrcia species studied (Appendix S2). 

 

Data analysis 
Size classes of the three Myrcia species 
To investigate ecological processes across demographic stages of tree development, we divided the 
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individuals of each of the three Myrcia species into three size classes based on DSH and taking into 

account the minimum number of individuals needed in each class for spatial point pattern analysis (n ≥ 

30, Martins et al., 2018). The smaller size class limit differs between M. brasiliensis and the other two 

species. Small trees were defined as individuals with DSH ≤ 0.2 cm for M. brasiliensis, and DSH ≤ 0.5 

cm for M. multiflora and M. racemosa. Medium-sized trees had 0.2 < DSH ≤ 10.0 cm for M. 

brasiliensis, and 0.5 < DSH ≤ 10.0 cm for M. multiflora and M. racemosa. Large trees were those with 

DSH > 10.0 cm for the three species. We conducted all the following analyses separately for the three 

size classes of each of the three species studied. 

 

Analysis 1: Relationship between the distribution of the three Myrcia species and environmental 
variables 
To test for species habitat-association across demographic stages of plant development, we first used 

the variance inflation factor (VIF) to check whether our seven environmental variables were 

multicollinear (VIF > 10, Zuur et al., 2007). None of them showed multicollinearity, we therefore 

included all environmental variables in our models. We modelled the intensity function λh(x, y) at the 

location (x, y) as a function of the sum of the variables on a log scale. The corresponding log-linear 

regression model yields: 

log(λh(x, y)) = β0 + β1 v1(x, y) + … + β7 v7(x, y), 

where β0 is the intercept and βi is the coefficient of the ith environmental variable vi(x, y) to be 

estimated (Waagepetersen, 2007), with v1 being flooding depth, v2 soil moisture, v3 terrain slope, v4 

elevation, v5 litterfall depth, v6 canopy openness in 2017, and v7 canopy openness in 2008. 

We used the Z value to evaluate the significance and direction of the effect of the different 

environmental variables on each species’ pattern. For a significance level of a = 0.05, we have a 

significant and positive association with a given variable if Z > 1.96 (and negative if Z < -1.96) and the 

larger the absolute value of Z, the stronger the association. We considered habitat effects to be strong 

when Z ³ |4|. We fitted λh(x, y) using maximum likelihood estimation to determine the values of the 

coefficients βi (Shen et al., 2009; Wang et al., 2011) in the package “spatstat” (Baddeley et al., 2015) 

of the software R (R Core Team, 2018). 

 

Analysis 2: Spatial relationship between Myrcia species and between each Myrcia species and 
heterospecifics 
Here we investigated the spatial relationship between the individuals of two congeners of the same 

size class. Additionally, we apply the same methods to assess spatial relationships between large trees 

of each of the three Myrcia species and co-occurring abundant species. To this end, we used the 

bivariate pair correlation function g12(r) as the summary function (Stoyan and Stoyan, 1994) and the 

null model of spatial independence, in which we fixed the original location of points of pattern 2 and 

randomized the point pattern of focal species 1. We used two different null models to generate null 
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model patterns of the focal species that conserve its univariate pattern. They are based on the 

technique of pattern reconstruction (Wiegand et al., 2013) and use a spatially constant intensity 

function λ (i.e. homogeneous pattern reconstruction) and the intensity function λh(x, y) (i.e., 

inhomogeneous pattern reconstruction) describing the environmental dependency of the focal species 

(Wiegand et al., 2013; Wang et al., 2015).  

Positive departures of the observed g12(r) from the homogeneous null model indicate species 

association (caused by positive interspecific interactions or the location of the two species within the 

same environmental patches), negative departures indicate species dissociation (caused by negative 

interspecific interactions such as competition or the location of the two species in different 

environmental patches), and values within the simulation envelope indicate no significant departure 

from independence (Wiegand and Moloney, 2014). Departures from the inhomogeneous null model 

suggest operation of species interactions beyond habitat-association quantified by λh(x, y) or missing 

environmental variables (Wiegand and Moloney, 2014). 

 

Analysis 3: Spatial distribution of size between Myrcia species and between each Myrcia species 
and heterospecifics 
Here we are interested in assessing if the size of an individual of a focal species 1 is influenced by the 

proximity to congeners of a species 2 in the same size class. Additionally, we search for interactions 

between large trees of each of the three Myrcia species (species 1) and the co-occurring abundant 

species in the study plot (species 2). For this, we used the bivariate r-mark correlation function with 

our size measure DSH as the quantitative mark. The bivariate r-mark correlation function κm.(r) 

measures in our case the mean size of focal trees of species 1 that have a species 2 neighbour located 

at distance r. This function is normalized by the mean size of all individuals of the focal species 1. 

Because κm1.(r) is evaluated at different interpoint distances r, we can observe how spatial effects on 

the quantitative mark decline with increasing distance to individuals of species 2 (Wiegand and 

Moloney, 2014). 

In order to generate the null model values representing the absence of interactions for 

comparison of κm1.(r), we randomly shuffled the size (i.e., DSH) among individuals of the focal 

species 1; additionally, the original location of all individuals was kept fixed. This “random marking” 

null model assumes that the size of the focal individuals is independent of the size of nearby 

individuals of species 2. Positive departures from the observed κm.(r) indicate positive interspecific 

interactions or both species are located at favourable patches, whereas  negative departures indicate 

negative interspecific interactions such as competition, or location of the two species at unfavourable 

patches (Wiegand and Moloney, 2014).  

In order to separate the effects of environmental heterogeneity and the effects interspecific 

interactions, we used the local random marking null model. In this variation of the null model, 

shuffling of the sizes of the focal species 1 is restricted to points separated only up to a given distance 
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R, which represents an approximated size of environmental patches. By doing this, we can check 

whether departures from the independent marking null model are caused by environmental 

heterogeneity. Conversely, departures from the local random marking indicate interspecific 

interactions within patches (Wiegand and Moloney, 2014). We stipulated R = 25 m (one-quarter of the 

1-ha plot) for the local random marking null model after testing for different values of R. The selected 

value corresponds to an approximate patch size where most distance effects disappear. Additionally, R 

= 25 m is large enough to encompass neighbourhood interactions within patches. In all analyses, we 

considered the influence of species 1 on species 2 and vice-versa. 

 

Significance of spatial patterns against the null models for analysis 2 and 3 
In order to determine whether the observed summary functions indicating spatial associations between 

species (g12(r)) and the spatial distribution of size between species (κm1.(r)) differed from the expected 

values under the appropriate null models, we first performed 199 Monte Carlo simulations of the point 

processes underlying the null models. Then we created global simulation envelopes for the 1-50 m 

distance interval, considering the critical α value as calculated in the Z test statistics. The global 

envelopes have the convenient property that the null model can be rejected with the prescribed 

significance level α if the observed summary function falls at least at one distance bin outside the 

envelopes (Wiegand et al., 2016). 

 

Analysis 4: Spatial relationship between Myrcia conspecifics of different sizes 
In order to assess ecological processes driving spatial relationships between Myrcia conspecifics of 

different size classes, we used a suite of alternative point process models that represent competing 

hypotheses, namely independence, dispersal limitation, habitat filtering, and a combination of 

dispersal limitation and habitat filtering. In all cases, we fixed the pattern of large trees, and 

randomized the pattern of small and medium trees according to the point process model used. To 

conserve the univariate pattern of small and medium trees during the simulations, we again used the 

technique of pattern reconstruction (Wiegand et al., 2013) with different intensity functions tailored 

specifically for each point process model. 

For the independence hypothesis (lack of small-scale species interactions), we used a spatially 

constant intensity function λ (i.e. homogeneous pattern reconstruction as in analysis 2). To represent 

dispersal limitation, we used the intensity function λd(x, y) given by the superposition of Gaussian 

kernels with parameter σ around large trees. This creates patterns where the distribution of small and 

medium trees follows a normal distribution around the large conspecific trees (Wiegand and Moloney, 

2014). The value of the parameter σ was fitted. For the habitat association hypothesis, we used the 

parametric intensity function λh(x, y) of small trees as in analysis 1. Finally, to represent the combined 

dispersal limitation and habitat filtering hypothesis, we used the geometric mean of the two intensity 

functions (i.e. [λd(x, y) λh(x, y)]0.5). 



 

 

35 

To determine the most parsimonious point process model, given the data, we used model 

selection based on the Akaike information criterion (AIC) and “synthetic” likelihood functions (Wood, 

2010). With this method, we reduced the raw point pattern data to three-point pattern summary 

functions that quantify the spatial structure of the observed bivariate point patterns, namely g12(r), the 

bivariate L-function L12(r), and the bivariate nearest neighbour distribution function D12(r). We 

performed 999 simulations of the point process model to obtain the mean and the covariance matrix of 

these functions for each radius r (in steps of 3 m), given the vector θ of model parameters. This allows 

for the construction of the synthetic likelihood to assess model fit. The resulting log-likelihood can 

then be used to calculate the AIC that balances model fit and model complexity to identify the most 

parsimonious model (Akaike, 1974; Wiegand and Moloney, 2014). We used here 999 simulations for 

better estimation of the covariance matrix needed for construction of the likelihood function. 

We performed all point pattern analyses with the software Programita (Wiegand and 

Moloney, 2014), which can be accessed at www.programita.org. Estimators of the summary functions 

and the edge correction used in Programita are detailed in Wiegand, Grabarnik, and Stoyan (2016). 

We used a spatial resolution of 1 m, which is much smaller than the study plot, fine enough to answer 

our questions, and larger than the mapping error of the data (Wiegand and Moloney, 2004, 2014). We 

selected a ring width d = 3 m in all analyses. 

 

Results 
Number of Myrcia individuals and distribution of size classes in the plot 
Our three focal species showed different abundances and distribution patterns within the plot. Myrcia 

racemosa showed the highest number of individuals in all size classes (n = 574), followed by M. 

brasiliensis (n = 192) and M. multiflora (n = 110, Fig. 1). Individuals of all size classes of M. 

brasiliensis were well distributed across the study plot. Small and medium trees of M. racemosa were 

distributed as a decreasing gradient from flooded to drier areas (from northwest to southeast of the 

plot), and large trees were distributed as a decreasing gradient from north to south of the plot. All size 

classes of M. multiflora occurred only in the flooded area (west part of the plot; Fig. 1 and 2). 

 
Relationship between the distribution of the three Myrcia species and environmental 
variables 
Results of this analysis are summarized in Table 2. On overall, the three species occur in similar 

environments in the plot, that is low flat areas and better-lit patches. For M. brasiliensis, small trees 

were associated to areas with higher canopy openness in 2017 and 2008, while large trees showed 

associations with lower terrain slope and elevation. However, these associations were weak. All size 

classes of M. multiflora were related to lower terrain slope and elevation. Additionally, small and large 



 

 

36 

M. multiflora trees were associated with higher soil moisture, small and medium trees were associated 

with higher canopy openness in 2008, and large trees were related to lower litterfall depth. Elevation 

was the environmental variable that more strongly influenced the distribution of individuals, especially 

of medium and large trees. The distribution of small and mainly medium trees of M. racemosa was 

also strongly influenced by lower elevation. Additionally, small trees were strongly related to lower 

terrain slope, and medium trees, weakly and positively related to canopy openness in 2008, which kept 

influencing the distribution of large trees, but now in a negative fashion.  

 
Spatial relationship between Myrcia species 
Although the three Myrcia species occur in similar environments in the plot, we found no spatial 

associations indicating habitat filtering to the same favourable patches, or spatial dissociation as 

evidence of interspecific competition. The same size class of the species studied were, in most cases, 

spatially independent, i.e. the observed g12(r) fell within the simulation envelopes of the null model of 

independence. The only exception was medium trees of M. multiflora and M. racemosa, which were 

spatially associated (Appendix S3). This association could be explained by a shared habitat association 

of the two congener species, as g12(r) fell within the simulation envelopes when we used the 

parametric intensity function λh(x, y) to generate the null model patterns (Fig. 3). 

 

Spatial distribution of size between Myrcia species 

We also found no evidence of interspecific competition in relation to the size of the three species. The 

sizes of trees were in most cases not influenced by the presence of nearby congeners of the same size 

class, as indicated by results of the independent marking null model. The only exception was medium-

sized trees of M. racemosa, which showed smaller DSH near individuals of M. brasiliensis (< 6 m) 

and of M. multiflora (< 13 m). However, this effect was caused by systematic size differences caused 

by unfavourable environmental conditions, as the observed κm1.(r) fell within the simulation envelopes 

of the local random marking null model (Fig. 4). 

 

Spatial relationship and spatial distribution of size between each Myrcia species and 
heterospecifics 
The distribution of the individuals in the largest size class of the three Myrcia species was spatially 

independent from the distribution of the individuals belonging to each of the 11 abundant species in 

the plot (n ≥ 30). Additionally, size of the larger Myrcia trees was independent from the distance of 

nearby abundant heterospecifics. All abundant species occur in both flooded and dry areas of the plot, 

and include five Myrtaceae species, from which three belong to Myrcia (Appendix S2).  
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Spatial relationship between Myrcia conspecifics of different sizes 
Only M. multiflora showed spatial associations between different size classes, which were best 

explained by dispersal limitation for small trees in relation to large trees, and combination of dispersal 

limitation and habitat filtering for medium size trees in relation to large trees (Table 3). For M. 

brasiliensis and M. racemosa, small and medium trees were spatially independent of large trees, but 

for the small-large tree combination of M. racemosa, the habitat filtering model received similar 

support as the independence model (Table 3). The parameter σ that resulted in the best fit for the 

models of dispersal limitation was 20 m for M. brasiliensis, 9 m for M. multiflora, and 15 m for M. 

racemosa. 

 

Discussion 
In this study, habitat filtering was the most important process driving the local distribution of three 

Myrcia species in a white-sand flooded tropical forest, as species distribution showed associations, 

albeit of different strength, to environmental variables. We did not detect spatial patterns that are 

consistent with interspecific competition between the three species studied and between each Myrcia 

species and other co-occurring species in the plot, i.e. spatial segregation and smaller size of nearby 

neighbours. Additionally, the three Myrcia were spatially independent, but responded to differences in 

the environment. Last, dispersal limitation only led to spatial associations of different size classes for 

one species studied. Like our results, many studies on topo-edaphic variation in tropical forests (e.g. 

Baldeck et al., 2012), including flooded areas (Baraloto et al., 2007; Oliveira et al., 2014), have shown 

that habitat filtering is an important ecological process driving community structure. 

 

Relationship between the distribution of the three Myrcia species and environmental 
variables 
The distribution of the three congeneric species showed somewhat similar associations to 

environmental variables, which is expected due to their close phylogenetic relationship (Losos, 2008). 

In general, the distribution of the three Myrcia species was related to lower elevation and terrain slope, 

and higher canopy openness. Flooding is expected to be more frequent, last for a longer time, and/or 

reach higher depths at lower parts of the study plot due to periodic water table flood (Diniz, 2009). As 

shown in Fig. 2, the lower part of the study plot does present higher soil moisture and flooding depth. 

Therefore, we believe elevation is a good surrogate for flooding at the study site. Additionally, we 

detected relationships between the distribution of small and large trees with higher soil moisture for M. 

multiflora, which reinforces our hypothesis that the three congeneric species occur predominantly in 

patches subject to flooding within the plot. 

We probably found no further relationships between species distribution and flooding depth 

and/or soil moisture because both variables were measured only once and may thus not be able to 



 

 

38 

capture flooding seasonality properly. The distribution of the three congeneric species was also 

restricted to better-lit patches, where individuals are likely to show higher survival probability, growth 

rate and fecundity (Dahlgren and Ehrlén, 2009). Interestingly, we were able to detect the influence of 

temporal changes in the light environment on the distribution of different size classes of the three 

Myrcia species. Although smaller trees were correlated with recent and/or past light environment 

(canopy openness in 2017 and 2008, respectively), large trees were correlated only with the past light 

environment, which probably reflects more closely the conditions of the time when plants were 

smaller. 

Myrcia brasiliensis, which is well distributed in the study plot, showed weak associations to 

the environmental variables. Conversely, the other two species, whose distributions follow a flood-dry 

gradient, showed stronger associations to elevation. For the three species, environmental requirements 

shifted across demographic stages of plant development, as also observed for other species (e.g. 

Comita et al., 2007). For M. brasiliensis, the light environment was important for small trees (Poorter, 

2007), while large trees no longer depended on light, as the species occupies the first canopy stratum 

and also occurs as an emergent tree (Valladares et al., 2016). As individuals grow in better-lit 

environments, some become restricted to patches subject to flooding. On the other hand, M. racemosa 

showed an opposite pattern, whereby smaller trees get restricted to patches subject to flooding and 

later on development the past light environment becomes detectable on the distribution of large trees. 

The shift in environmental requirements likely explains the change in distribution from small and 

medium trees (flood-dry gradient) to large trees (from northwest to southeast of the plot) for M. 

racemosa. Myrcia multiflora showed an intermediate pattern, with species distribution restricted to 

patches subject to flooding from early to late development, and light influencing the distribution of 

small and medium trees. 

Even though flooding is the most important environmental characteristic driving species 

distribution in the plot, the fundamental niche of the three Myrcia species potentially encompasses a 

much wider variation of conditions than the environments of the study site, as the species occur in 

different vegetation types and are not restricted to areas subject to flooding at the geographic scale 

(Appendix S1). Thus, in the white-sand forest studied, the species can use the most common 

environmental condition (niche position, Marino et al., 2019) and patches subject to flooding may 

work as areas of refuge from strong competitors and/or natural enemies (Baraloto et al., 2007), which 

drives the species’ realized niche. The same reasoning may apply to other species in the community, 

because most occur in both flooded and dry patches within the study plot (Appendix S2). We suggest 

future studies should evaluate flood tolerance of the different species of the community and the 

presence of natural enemies to better understand the spatial distribution constraint in a gradient of soil 

moisture in flooded forests. 
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Spatial relationship and spatial distribution of size between Myrcia species and between 

each Myrcia species and heterospecifics 
The overall association of the three Myrcia species to patches subject to flooding let us expect spatial 

association between congeners. Nevertheless, only medium trees of M. multiflora and M. racemosa 

were spatially associated due to the same habitat-association. All other congener pairs showed 

independence, as well as pairs between the three focal Myrcia species and the abundant species in the 

plot. Interestingly, the abundant species include other Myrcia and Myrtaceae species, and so our 

results suggest that plant-plant interactions, even among closely related species, are not the main 

drivers structuring of our white-sand tropical forest community. It is possible that the three focal 

Myrcia species preferentially use areas subject to flooding in the plot as a refuge from natural enemies 

such as pathogens, which are important mortality agents of tropical plant species (Terborgh, 2012; 

Comita et al., 2014). 

Spatial independence between species has been frequently shown for tropical tree species 

(Wiegand et al., 2012; Wang et al., 2016). One explanation is that positive and negative interactions 

between species cancel each other’s effects out, resulting in spatial patterns that appear overall to be 

independent (Punchi-Manage et al., 2015). Also, according to the stochastic dilution hypothesis, 

independence should be more common in more species rich forests due to the large variability in the 

identity of neighboured trees that inhibit the detection of the spatial arrangement of plants directed by 

interactions between species (Wang et al., 2016). 

The apparent spatial independence between congeners (and between Myrcia and other 

heterospecifics) is in line with the independence between tree size and distance between species when 

we considered environmental heterogeneity in our analysis (i.e. local random marking null model). 

The evaluation of plant performance in greenhouse experiments and functional traits related to 

resource acquisition could help to elucidate whether our three focal Myrcia species use resources 

differently, as expected by niche differentiation of sympatric species with similar environmental 

requirements due to strong competition in the past (Connell, 1980). 

 

Spatial relationship between Myrcia conspecifics of different sizes 
Even though dispersal limitation is common in tropical forests (Hubbell, 2005) and habitat filtering is 

expected to influence species distribution in naturally disturbed environments (Baraloto et al., 2007), 

we found that the combination of these two processes only best explained the observed spatial 

associations between small/medium and large trees of M. multiflora. Dispersal limitation drives the 

initial spatial relationship between small and large M. multiflora trees and, as small trees grow into 

medium sized trees, habitat filtering gains an importance for this species, which was also indicated by 

the stronger associations (i.e. higher Z values) of medium and large trees to environmental variables. 

Note that we estimated for M. multiflora the smallest width of the kernel function (σ = 9 m vs. 15 m 
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and 20 m for the other two congeners) of the dispersal limitation model. Although it is consistent with 

species height (occupation in different canopy strata), we cannot exclude the possibility that the size of 

our plot is too small to allow for the detection of the effects of dispersal limitation for M. racemosa 

and especially M. brasiliensis, which shows the largest tree height, fruit diameter and width of the 

kernel function (σ = 20 m) among the three species studied. Because larger fruits can be dispersed by 

larger animals (Janson, 1983; Wheelwright, 1985), which have larger home ranges (Kelt and Van 

Vuren, 2001), seeds of M. brasiliensis are likely to be dispersed further from parent plants relative to 

the other two congeners and thus show lower dispersal limitation (Seidler and Plotkin, 2006). 

Therefore, a larger study site would be needed to detect spatial patterns consistent with dispersal 

limitation at larger spatial scales. 

Spatial independence between small and large trees was also found by Getzin, Wiegand, and 

Hubbell (2014) on Barro Colorado Island, Panama. The authors suggested that this pattern could result 

from habitat-association masked by unpredictable dispersal events created by disperser movement 

behaviour or from the uncoupling of the positive association of trees expected from dispersal 

limitation due to high mortality of seeds and early developmental stages caused by conspecific 

negative-density dependence (CNDD). Because CNDD is widespread in tropical forests (LaManna et 

al., 2017), a future project is to address whether CNDD of the three Myrcia species uncouples the 

spatial distribution patterns of trees from the seed deposition patterns. Additionally, some studies have 

shown that phylogenetically related neighbours increase mortality of a focal species (Bagchi et al. 

2010; Metz et al. 2010; Paine et al. 2012; Zhu et al. 2015), so our three Myrcia species could show 

phylogenetic density dependence. Last, we still lack knowledge on how flooding may affect CNDD, 

which is especially important in the face of future environmental changes. 

 

Conclusions 
In this study, we employed several spatial point process models to simultaneously investigate 

important ecological processes that are hypothesized to maintain species coexistence in tropical 

forests, i.e. habitat filtering, interspecific competition, and dispersal limitation. Using data from 

congeneric species as a model in a naturally disturbed environment, we demonstrated that habitat 

filtering to areas subject to flooding is the most important ecological process driving the local 

distribution of these species in a white-sand flooded tropical forest. In this type of vegetation, there 

seems to be a clear division of tree species into either flood-tolerant or flood-intolerant (Oliveira et al., 

2014). However, climate change and other anthropic pressures can affect species coexistence by 

providing new habitat conditions and so understanding how habitat filtering acts in forests subject to 

flooding potentially aids mitigation plans of environmental changes (Kraft et al., 2015). Given that 

restinga is highly threatened in Brazil (Alho et al., 2002), the preservation of its different habitats is of 

utmost importance to the maintenance of high species richness and functional strategies. 
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Table 1. Expectations for different ecological processes driving local species distribution. The analyses employed in this study and the results for three size classes of three Myrcia species sampled 
in a 1-ha plot of white-sand flooded forest, southeastern Brazil, are also shown. The neighbourhood scale (up to some 10 m) represents direct species interactions, the patch scale represents 
approximately homogeneous (suitable or less suitable) environments, whereas the community scale (100 m – tens of km) comprises several patches. 

Questions/Ecological 
process driving 
species distribution 

  Expectation for different ecological processes   

Analysis 

  Results 

 
Species have different 
environmental 
requirements and do 
not compete 

  

Species have the same 
environmental 
requirements and do not 
compete 

  
Species have the same 
environmental requirements 
and compete 

  
Species patterns 
according to neutral 
theory 

  M. brasiliensis   M. multiflora   M. racemosa 

Which 
environmental 
variables are 
associated with the 
spatial distribution of 
the different size 
classes of each 
species? 

 

Congeners 
distribution is related 
to different 
environmental 
variables, especially 
in large trees 

  

Congeners distribution 
is related to the same 
environmental variables, 
especially in large trees 

  

Congeners distribution is 
related to the same 
environmental variables, 
especially in large trees 

  

No relationship 
between species 
distribution and 
environmental 
variables 

 

Log-linear regression model 

 
Small trees: 
relationship to higher 
canopy openness in 
2017 and 2008  

  

Small trees: relationship to 
lower terrain slope and 
elevation, and higher soil 
moisture and canopy 
openness  in 2008 

  
Small trees: relationship to 
lower elevation and terrain 
slope  

   
Large trees: 
relationship to lower 
terrain slope and 
elevation 

 
Medium trees: relationship to 
lower terrain slope and 
elevation, and higher canopy 
openness in 2008 

 
Medium trees: relationship 
to lower elevation, and 
higher canopy openness in 
2008 

     

Large trees: relationship to 
lower terrain slope, elevation, 
and litterfall height,  and 
higher soil moisture 

  
Large trees: relationship to 
lower canopy openness in 
2008 

What is the spatial 
relationship between 
congeners in the 
same size class? 

 
Spatial segregation of 
congeners at the patch 
scale, especially for 
large trees 

 
Spatial association of 
congeners at the scale of 
suitable patches, 
especially for large trees 

 

Spatial association of 
congeners at the patch scale, 
especially for large trees, and 
tendency to segregation at the 
neighbourhood scale 

 
Spatial independence  
of congeners in all 
size classes 

 

g12(r) with pattern reconstruction 
of species 1 with spatially 
constant intensity λ for the 
independence null model, and 
with the parametric λh(x,y) for 
testing environmental filtering 

 
Spatial independence  
of  congeners in all 
size classes 

  Spatial independence  of 
congeners in all size classes   

Spatial independence  of 
congeners in all size 
classes 

Is the size of an 
individual influenced 
by the proximity to 
congeners in the 
same size class? 

 
No influence of 
nearby congeners on 
tree size 

  No influence of nearby 
congeners on tree size   Negative influence of nearby 

congeners on tree size   
No influence of 
nearby congeners on 
tree size 

 

κm1.(r) with the null models of 
regular random marking for a 
general analysis and local random 
marking for specific test of 
environmental filtering 

 
No influence of 
nearby congeners on 
tree size 

  

No influence of nearby 
congeners on small and large 
trees. Medium trees was 
influenced by less favourable 
environmental conditions 

  

No influence of nearby 
congeners on small and 
large trees. Medium trees 
was influenced by less 
favourable environmental 
conditions  

What is the spatial 
relationship between 
small and large 
conspecific trees? 

  

Spatial association of 
small and large trees 
due to habitat filtering 
and/or dispersal 
limitation 

  

Spatial association of 
small and large trees due 
to habitat filtering 
and/or dispersal 
limitation 

  

Spatial association of small 
and large trees due to habitat 
filtering and/or dispersal 
limitation 

  

Spatial association of 
small and large trees 
due to dispersal 
limitation 

  

A suit of competing point process 
models to distinguish among 
independence and association due 
to dispersal limitation and/or 
shared habitat associations    

  
Spatial independence  
of conspecifics in all 
size classes 

  

Spatial association small and 
large trees due to dispersal 
limitation; spatial association 
of medium and large trees 
due to the combination of 
dispersal limitation and 
habitat filtering 

  
Spatial independence  of 
conspecifics in all size 
classes 

Are the spatial 
patterns of the three 
congeners explained 
by interactions with 
other co-occurring 
species? 

  

Spatial segregation 
between each Myrcia 
species and 
heterospecifics at the 
patch scale for large 
trees 

  

Spatial association 
between each Myrcia 
species and 
heterospecifics at the 
scale of suitable patches 
for large trees 

  

Spatial association between 
each Myrcia species and 
heterospecifics at the patch 
scale for large trees, and 
tendency to segregation at the 
neighbourhood scale 

  

Spatial independence  
between each Myrcia 
species and 
heterospecifics in all 
size classes 

  

g12(r) with pattern reconstruction 
of species 1 with spatially 
constant intensity λ for the 
independence null model, and 
with the parametric λh(x,y) for 
testing environmental filtering 

  

Spatial independence  
between each Myrcia 
species and 
heterospecifics in all 
size classes 

  

Spatial independence 
between each Myrcia species 
and heterospecifics in all size 
classes 

  

Spatial independence  
between each Myrcia 
species and heterospecifics 
in all size classes 
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Table 2. Results of species-habitat association analysis using log-linear regression models for different size classes three Myrcia species sampled in a 1-ha plot of 
white-sand flooded forest, southeastern Brazil. Bold indicates significant species-habitat association. *p < 0.05, **p < 0.01, *** p < 0.001. 

M. brasiliensis Estimate Std. Error z Value  M. multiflora Estimate Std. Error z Value  M. racemosa Estimate Std. Error z Value 
 Small trees     Small trees     Small trees   
(Intercept) -5.51 13.70 -0.40  (Intercept) 70.70 21.29 3.32***  (Intercept) 77.23 6.75 11.44*** 
Flooding depth -0.01 0.02 -0.42  Flooding depth 0.00 0.02 0.04  Flooding depth 0.00 0.01 -0.14 
Soil moisture 0.05 0.03 1.92  Soil moisture 0.09 0.04 2.53*  Soil moisture -0.01 0.01 -0.45 
Terrain slope -0.16 1.19 -0.13  Terrain slope -5.01 1.89 -2.65**  Terrain slope -2.04 0.61 -3.34*** 
Elevation -0.43 1.31 -0.33  Elevation -8.03 2.09 -3.84***  Elevation -7.99 0.65 -12.24*** 
Litterfall depth 0.04 0.05 0.85  Litterfall depth 0.00 0.07 0.02  Litterfall depth 0.04 0.02 1.84 
Canopy openness 2017 0.10 0.05 2.02*  Canopy openness 2017 0.02 0.08 0.23  Canopy openness 2017 -0.05 0.03 -1.93 
Canopy openness 2008 0.08 0.04 2.29*  Canopy openness 2008 0.11 0.05 2.09*  Canopy openness 2008 0.03 0.02 1.38 

 Medium 
trees     Medium trees     Medium trees   

(Intercept) -0.89 16.50 -0.05  (Intercept) 171.92 33.27 5.17***  (Intercept) 50.38 7.28 6.92*** 
Flooding depth 0.02 0.02 1.35  Flooding depth 0.03 0.02 1.50  Flooding depth 0.00 0.01 -0.23 
Soil moisture 0.01 0.03 0.26  Soil moisture 0.02 0.04 0.50  Soil moisture -0.02 0.01 -1.23 
Terrain slope 1.96 1.41 1.39  Terrain slope -11.96 2.72 -4.40***  Terrain slope -1.08 0.67 -1.60 
Elevation -0.64 1.57 -0.41  Elevation -18.18 3.39 -5.36***  Elevation -5.38 0.70 -7.71*** 
Litterfall depth -0.02 0.06 -0.40  Litterfall depth -0.01 0.07 -0.20  Litterfall depth 0.00 0.03 -0.18 
Canopy openness 2017 -0.03 0.06 -0.49  Canopy openness 2017 0.12 0.07 1.60  Canopy openness 2017 -0.02 0.03 -0.66 
Canopy openness 2008 0.09 0.05 1.95  Canopy openness 2008 0.26 0.06 4.54***  Canopy openness 2008 0.06 0.02 3.03*** 
 Large trees     Large trees     Large trees   
(Intercept) 22.95 12.62 1.82  (Intercept) 83.07 20.09 4.13***  (Intercept) 7.68 13.10 0.59 
Flooding depth 0.00 0.02 -0.20  Flooding depth 0.01 0.02 0.69  Flooding depth 0.02 0.01 1.53 
Soil moisture 0.04 0.02 1.51  Soil moisture 0.08 0.04 2.24*  Soil moisture 0.03 0.03 1.25 
Terrain slope -2.57 1.15 -2.23*  Terrain slope -4.25 1.78 -2.38*  Terrain slope 0.23 1.09 0.21 
Elevation -2.92 1.21 -2.42*  Elevation -8.86 1.97 -4.51***  Elevation -1.13 1.24 -0.91 
Litterfall depth 0.02 0.04 0.52  Litterfall depth -0.17 0.07 -2.34*  Litterfall depth 0.04 0.04 0.91 
Canopy openness 2017 0.03 0.05 0.64  Canopy openness 2017 -0.08 0.07 -1.11  Canopy openness 2017 -0.08 0.05 -1.58 
Canopy openness 2008 0.02 0.04 0.65  Canopy openness 2008 0.03 0.05 0.64  Canopy openness 2008 -0.11 0.05 -2.28* 
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Table 3. Akaike’s information criterion values for four competing hypothesis explaining spatial relationships at 
distance r = 1–50 m between small and large trees, and between medium and large trees of conspecifics of three 
Myrcia species sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. Bold indicates the best 
fitted model. Bold face indicates the most parsimonious model(s). 

Conspecifics interactions Independence Association due to 
dispersal limitation 

Association due to 
habitat filtering 

Association due to the 
combination of dispersal 

limitation and habitat filtering 
  

Intensity function  λ1(x,y)  λd(x,y)   λh(x,y) 

 

Fitted 
value of σ 

M. brasiliensis           

Large x Small trees -158.58 -152.78 -144.56 -146.9 20m 

Large x Medium trees -119.88 -85.48 -107.06 -89.7 20m 

M. multiflora  		 	  
 

Large x Small trees -121.28 -179.66 -144.78 -158.6 9m 

Large x Medium trees -106.12 -150.42 -159.78 -162.16 9m 

M. racemosa     
 

Large x Small trees -159.58 95.52 -159.74 -142.3 15m 

Large x Medium trees -171.90 -130.62 -163.84 -159.6 15m 

  

!!d ∙ !h 
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Figure 1. Distribution of individuals of different size classes of three Myrcia species in a 1-ha plot of white-sand 
flooded forest, southeastern Brazil. For size thresholds, please see the text. 
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Figure 2. Maps of environmental variables measured in a 1-ha plot of white-sand flooded forest, southeastern 
Brazil. 
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Figure 3. Spatial relationship, as measured by the bivariate pair correlation function g12(r), between medium trees 
of Myrcia multiflora and M. racemosa (pairwise) sampled in a 1-ha plot of white-sand flooded forest, southeastern 
Brazil. The spatial relationship was compared to a null model representing large-scale habitat association. The 
observed g12(r) is represented by closed circles, the mean g12(r) of 199 simulations by grey solid lines, and the 
global simulation envelope at α = 5% by dotted lines. The black horizontal line at g12(r) = 1 is the expectation for 
spatial independence between congeners. 
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Figure 4. Mean stem diameter at soil height (DSH), as measured by the bivariate r-mark correlation function 
κm1.(r), between medium trees of Myrcia racemosa in relation to M. brasiliensis and M. multiflora (pairwise) 
sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. The mean DSH was compared to the 
independent marking null model (A and B) and to the local random marking null model with R = 25 m (C and D). 
The observed κm1.(r) is represented by closed circles, the mean κm1.(r) of 199 simulations by grey solid lines, and 
the global simulation envelope at α = 5% by dotted lines. The horizontal line at κm1.(r) = 1 is the expectation for 
independence between DSH and distance between congeners. 
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Appendix S1. Geographical distribution of Myrcia brasiliensis, M. multiflora and M. racemosa in Brazil. Data 
obtained from the speciesLink platform (2019). The green crosses are the coordinates reported by biological 
collections; the delimited regions represent the different phytogeographical domains in Brazil. 
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Appendix S2. Tree and palm species, their abundance and occurrence in dry, flooded or both environments in a 
1-ha plot of white-sand flooded forest, southeastern Brazil. Bold indicates abundant species (> 30 individuals). 
Environment indicates that all individuals of each species were located in exclusively flooded, dry or both 
subplots (10 x 10 m). 
 

Family Species Abundance Environment 
Annonaceae Guatteria australis 3 both 
Annonaceae Guatteria sp. 4 41 both 
Aquifoliaceae Ilex integerrima 7 both 
Araliaceae Schefflera angustissima 31 both 
Arecaceae Euterpe edulis 142 both 
Bignoniaceae Jacaranda puberula 78 both 
Celastraceae Maytenus littoralis 51 both 
Celastraceae Maytenus sp. 9 both 
Chrysobalanaceae Hirtella hebeclada 2 both 
Clusiaceae Garcinia gardneriana 36 both 
Clusiaceae Kielmeyera petiolaris 26 both 
Elaeocarpaceae Sloanea guianensis 7 both 
Erythroxylaceae Erythroxylum sp. 6 both 
Euphorbiaceae Alchornea triplinervia 67 both 
Fabaceae Andira fraxinifolia 23 both 
Fabaceae Inga edulis 3 both 
Fabaceae Inga subnuda 20 both 
Lacistemataceae Lacistema lucidum 5 both 
Lacistemataceae Lacistema pubescens 4 both 
Lauraceae Aniba viridis 2 both 
Lauraceae Nectandra oppositifolia 26 both 
Malpighiaceae Byrsonima ligustrifolia 2 both 
Melastomataceae Miconia prasina 1 both 
Meliaceae Guarea macrophylla subsp. tuberculata 71 both 
Myristicaceae Virola bicuhyba 3 both 
Myrtaceae Calyptranthes lucida 4 both 
Myrtaceae Eugenia astringens 9 both 
Myrtaceae Eugenia brasiliensis 12 both 
Myrtaceae Eugenia fusca 5 both 
Myrtaceae Eugenia verticillata 41 both 
Myrtaceae Marlierea obscura 5 both 
Myrtaceae Marlierea tomentosa 33 both 
Myrtaceae Myrcia brasiliensis 77 both 
Myrtaceae Myrcia multiflora 49 both 
Myrtaceae Myrcia racemosa 152 both 
Nyctaginaceae Guapira opposita 25 both 
Peraceae Pera glabrata 248 both 
Phyllanthaceae Hieronyma alchorneoides 5 both 
Primulaceae Myrsine venosa 24 both 
Proteaceae Euplassa cantareirae 19 both 
Proteaceae Roupala montana var. brasiliensis 3 both 
Rubiaceae Faramea pachyantha 15 both 
Rubiaceae Genipa infundibuliformis 5 both 
Sapindaceae Cupania oblongifolia 3 both 
Sapindaceae Matayba elaeagnoides 3 both 
Urticaceae Coussapoa microcarpa 5 both 
Anacardiaceae Tapirira guianensis 9 flooded 
Apocynaceae Aspidosperma sp. 3 flooded 
Apocynaceae Tabernaemontana laeta 1 flooded 
Aquifoliaceae Ilex theezans 6 flooded 
Araliaceae Oreopanax capitatus 1 flooded 
Arecaceae Astrocaryum aculeatissimum 4 flooded 
Chrysobalanaceae Couepia venosa 2 flooded 
Clusiaceae Calophyllum brasiliense 9 flooded 
Clusiaceae Clusia criuva subsp. parviflora 1 flooded 
Fabaceae Abarema brachystachya 3 flooded 
Fabaceae Balizia pedicellaris 1 flooded 
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Fabaceae Fabaceae sp. 4 1 flooded 
Fabaceae Inga sp. 1 flooded 
Fabaceae Lonchocarpus cultratus 2 flooded 
Fabaceae Ormosia arborea 4 flooded 
Fabaceae Swartzia simplex var. grandiflora  3 flooded 
Fabaceae Tachigali denudata 1 flooded 
Lauraceae Ocotea rariflora 1 flooded 
Melastomataceae Miconia dodecandra 1 flooded 
Melastomataceae Miconia rigidiuscula 3 flooded 
Melastomataceae Miconia sp. 1 flooded 
Melastomataceae Miconia sp. 1 1 flooded 
Melastomataceae Miconia sp. 3 1 flooded 
Moraceae Sorocea jureiana 2 flooded 
Myrtaceae Calyptranthes concinna  12 flooded 
Myrtaceae Eugenia badia 1 flooded 
Myrtaceae Eugenia copacabanensis 1 flooded 
Myrtaceae Eugenia handroana 3 flooded 
Myrtaceae Eugenia monosperma 1 flooded 
Myrtaceae Eugenia mosenii 1 flooded 
Myrtaceae Eugenia speciosa 3 flooded 
Myrtaceae Marlierea racemosa 1 flooded 
Myrtaceae Marlierea spectabilis 1 flooded 
Myrtaceae Myrcia spectabilis 4 flooded 
Myrtaceae Myrtaceae sp. 10 1 flooded 
Myrtaceae Syzygium jambos 6 flooded 
Primulaceae Myrsine coriacea 5 flooded 
Rosaceae Prunus myrtifolia 1 flooded 
Rubiaceae Amaioua intermedia 13 flooded 
Rubiaceae Posoqueria latifolia 7 flooded 
Sapindaceae Cupania vernalis 1 flooded 
Sapotaceae Chrysophyllum flexuosum 1 flooded 
Theaceae Laplacea fruticosa 2 flooded 
Urticaceae Cecropia glaziovii 1 flooded 
Annonaceae Guatteria sp. 2 dry 
Aquifoliaceae Ilex dumosa 1 dry 
Elaeocarpaceae Sloanea hirsuta 1 dry 
Euphorbiaceae Margaritaria nobilis 2 dry 
Lamiaceae Vitex cymosa 1 dry 
Lauraceae Endlicheria paniculata 1 dry 
Lauraceae Persea willdenovii 1 dry 
Melastomataceae Miconia latecrenata 22 dry 
Monimiaceae Mollinedia schottiana 1 dry 
Moraceae Ficus insipida 1 dry 
Moraceae Sorocea hilarii 1 dry 
Myrtaceae Campomanesia guaviroba 1 dry 
Myrtaceae Eugenia multicostata 1 dry 
Myrtaceae Marlierea sylvatica 1 dry 
Myrtaceae Myrcia pubipetala 3 dry 
Myrtaceae Myrcia splendens 3 dry 
Myrtaceae Psidium cattleianum 1 dry 
Olacaceae Heisteria silvianii 1 dry 
Polygonaceae Coccoloba glaziovii 4 dry 
Rubiaceae Coussarea meridionalis var. porophylla 1 dry 
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Appendix S3. Spatial relationship, as measured by the bivariate pair correlation function g12(r), between 
individuals in the same size class of three Myrcia species (pairwise) sampled in a 1-ha plot of white-sand flooded 
forest, southeastern Brazil. The observed g12(r) is represented by closed circles, the mean g12(r) of 199 pattern 
reconstruction simulations of the point pattern underlying the independence null model by grey solid lines, and 
the global simulation envelope at α = 5% by dotted lines. The location of the first species was randomized while 
the location of the second species was kept fixed. The black horizontal line at g12(r) = 1 is the expectation for 
spatial independence between congeners without large-scale habitat association. 
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Abstract 

Species coexistence within the same environmental patches should be possible if direct competition is 

overridden by other mechanisms such as diffuse competition and conspecific negative density-

dependence (CNDD). Congeneric species are a suitable model for examining ecological processes 

because they tend to show similar niches due to their close phylogenetic relatedness. This study aims 

to find evidence of diffuse competition and CNDD by examining the spatial structure of mortality and 

size in three Myrcia species. We conducted a population census of the three species in 1-ha plot of 

white-sand flooded forest in southeast Brazil, where the species co-occur in seasonally flooded 

patches. One year later, we checked all previously sampled individuals to record mortality. The 

individuals of each species were divided into small and large trees based on diameter at soil height. 

We additionally used forest inventory data available for a period of ~10 yr to analyze mortality of 

large trees and to assess the effects of large heterospecifics on the species studied. We analyzed spatial 

patterns of mortality and size for small and large trees of each Myrcia species separately and for their 

joined pattern in relation to the neighborhood densities of conspecifics (small and large trees), 

congenerics (small and large trees) and heterospecifics (large trees). We compared observed patterns 

to those expected under null models of independent marking. Overall, the mortality and size of the 

species and of their joined pattern were independent of the density of conspecifics, congenerics, and 

heterospecifics. Few exceptions were explained by environmental heterogeneity. Thus, we did not find 

evidence of the action of diffuse competition and CNDD on the species studied. Our results reinforce 

the importance of habitat filtering to the structuring of the community studied. Our contribution 

consists of discarding the investigated mechanisms and suggesting an alternative hypothesis for the 

coexistence of the Myrcia species, i.e. niche differentiation. 

Keywords: environmental filtering, flooding, interspecific competition, intraspecific competition, 

niche theory, tropical forest. 
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Introduction 
A central issue in community ecology is to understand the ecological processes that promote the 

coexistence of tree species in megadiverse tropical forests (Brown 2014). The main mechanisms 

promoting coexistence are niche-based processes, such as environmental filtering and interspecific 

competition (Wright 2002). According to niche theory, species with similar environmental 

requirements compete within suitable patches or differ in resource acquisition (Kraft et al. 2015, Wagg 

et al. 2017). 

Nevertheless, direct competition between species with similar environmental requirements 

might be overridden by other mechanisms such as diffuse competition from heterospecifics and 

conspecific negative density-dependence (CNDD; Chesson 2000), allowing species to coexist within 

the same environmental patches. In diffuse competition, simultaneous negative interactions among 

many species promote coexistence by suppressing the competitive advantage of stronger species over 

weaker ones (Godoy et al. 2017). However, in harsh environments such as the white-sand flooded 

tropical forest in the Brazilian Atlantic Forest, interspecific competition is not expected to be strong, 

as postulated by the stress-gradient hypothesis (He et al. 2013), and other mechanisms such as CNDD 

may be more important (Kim & Ohr 2020). In addition, the commonly observed spatial aggregation of 

species in tropical forests (Condit et al. 2000) can lead to several density-dependent effects (Uriarte et 

al. 2005, Zhu et al. 2015a). 

In the stabilizing CNDD mechanism, negative conspecific interactions are stronger than 

negative heterospecific interactions and therefore a given species is more strongly negatively affected 

by local conspecific densities than by local heterospecific densities (Chesson 2000, Zhu et al. 2015a, 

Liu et al. 2022). Several mechanisms can lead to such pattern, for example, locally high conspecific 

densities can result in strong intraspecific competition for resources (Tilman 1982) as well as in the 

attraction and spread of species-specific natural enemies (Janzen 1970, Connell 1971). Consequently, 

mortality might increase with increasing conspecific densities and growth might decrease in patches 

with higher conspecific densities (Hubbell et al. 2001, Comita & Hubbell 2009, Comita et al. 2014), 

which should allow the establishment of other species in the community (Chesson 2000). 

Small plants are especially susceptible to density-dependent mortality factors (Comita et al. 

2014) due to high initial seedling densities resulting from limited seed dispersal (Comita & Hubbell 

2009) combined with a high susceptibility to natural enemies (Janzen 1970, Mangan et al. 2010, 

Terborgh 2012). Additionally, small plants might suffer strong asymmetric competition from large 

trees (Wright 2002, Lin et al. 2012). Differences among species in susceptibility to natural enemies 

may be related to the degree of adaptation to the local environment, i.e., species at the edge of their 

environmental tolerance may be more vulnerable to the attack of natural enemies (Comita et al. 2010). 

Also, species occurring in harsh environments may show a trade-off between environmental tolerance 

and susceptibility to natural enemies. In the white-sand flooded tropical forest, the seasonal flooding 
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requires trees to adapt for prolonged inundation (Johnson et al. 2017). Additionally, high soil moisture 

may increase the susceptibility of plants to pathogens and herbivores (Swinfield et al. 2012). 

Congeneric species are a suitable model to examine the ecological processes that maintain 

diversity in communities because they tend to show similar niches due to their close phylogenetic 

relatedness (Burns & Strauss 2011, Baraloto et al. 2012). Looking at congeneric species is especially 

revealing in harsh environments that restrict plant growth and establishment because such harsh 

environments may promote divergence in resource acquisition among species and change competitive 

outcomes (Muench & Elsey-Quirk 2019). Thus, an intriguing question is how three Myrcia species 

(Myrtaceae) that are widely distributed in the Brazilian Atlantic Forest can co-occur in patches subject 

to flooding in a white-sand tropical forest (Ribeiro et al. 2021). 

This study aims to find evidence of the mechanisms that act at the neighborhood scale and 

maintain diversity in communities, namely diffuse competition and CNDD, by examining the spatial 

structure of populations of three congeneric tropical tree species. After assessing aggregation and 

spatial associations of different size classes, our specific questions are: (1) is mortality higher in areas 

with high local densities of conspecifics and heterospecifics? (2) Are individuals smaller in areas with 

high local densities of conspecifics and heterospecifics? (3) Are density-dependent effects stronger for 

small trees than for large ones? (4) Are mortality and plant size influenced by environmental 

heterogeneity? Since the white-sand flooded tropical forest in southeastern Brazilian is subject to 

periodic flooding patches, we expect to detect weaker density-dependent effects of heterospecifics 

relative to conspecifics as well as stronger effects on small trees relative to large trees, indicating that 

CNDD is a stronger driver of species coexistence in the Brazilian white-sand flooded forest than 

diffuse competition, especially in small plants. 

 

Material and methods 
Study site and species studied 

This study was conducted in a permanent 1-ha plot of white-sand flooded forest in southeast Brazil 

(23°21′S and 44°51′W). Part of the plot is seasonally flooded due to the exposure of the water table, 

which influences the distribution of plant species (Diniz 2009). The distribution of our three study 

species, Myrcia brasiliensis, M. multiflora, and M. racemosa, is associated with areas subject to 

seasonal flooding in the plot (Ribeiro et al. 2021), even though the three species are widely distributed 

in the Brazilian Atlantic Forest. This indicates that the three Myrcia species occur in the harsh 

environment of the white-sand flooded tropical forest at the edge of their environmental tolerance. A 

detailed description of the study site and species studied can be found in Ribeiro et al. (2021). 
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Data collection 

Between July 2016 and February 2017, we conducted a population census of our three species studied 

in the plot. We checked all previously sampled individuals between October 2017 and February 2018 

to record mortality. To assess the effects of heterospecifics on mortality and size of the three Myrcia 

species, we used forest inventory data collected in 2015 in the study plot, available at ForestPlots.net 

(Lopez-Gonzales et al. 2011). The heterospecifics comprise 110 species and 1586 trees with a 

diameter at breast height (DBH) ≥ 4.8 cm. 

 

Data analysis 

Size classes 

The individuals of the three Myrcia species were divided into small and large trees based on diameter 

at soil height (DSH) and taking into account adequate numbers of surviving and dead individuals for 

spatial point pattern analysis. Small trees are defined as individuals with DSH ≤ 10.0 cm (small and 

medium size classes in Ribeiro et al. 2021) and large trees are those with DSH > 10.0 cm (large size 

class in Ribeiro et al. 2021). Due to the small number of large dead trees sampled ~1 yr after our 

population census (please see Figure 1), we performed spatial point patterns analyses of mortality for 

large trees in a ~10 yr period (2005-2015). For this, we used forest inventory data available at 

ForestPlots.net (Lopez-Gonzales et al. 2011), which included trees with DBH ≥ 4.8 cm. 

We assessed the effects on mortality and size of each Myrcia species separately in relation to 

the density of conspecifics (small and large trees) and heterospecifics (large trees). We also assessed 

density-dependent effects on the joined pattern of the three Myrcia species because congeners can 

show symmetric competition and share natural enemies due to their close phylogenetic relatedness 

(Liu et al. 2012, Godoy et al. 2014). We hereafter refer to the set of individuals of the three Myrcia 

species as congenerics. 

 

Spatial distribution pattern of size classes 

To test if each size class of the three Myrcia species and their joined congeneric pattern showed an 

aggregated distribution pattern at the moment of our population census (2016-2017), we used the 

univariate pair correlation function !!!(#), which can be interpreted as a normalized neighborhood 

density. The !!!(#) calculates the average number of neighbours within a ring with radius r (and 

width dr) centered at a focal point of the pattern, divided by the intensity λ of the point pattern in the 

study area (the number of individuals divided by area). We used a ring width of dr = 5 m and 

compared the observed !!!(#) to pointwise simulation envelopes, being the 5th lowest and highest 

values expected under 199 simulations the null model of complete spatial randomness (CSR). The 

expectation under CSR is !!!(#) = 1 and departures above the pointwise simulation envelopes 

indicate aggregation at distance r (Wiegand & Moloney 2014).  
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To test if small (pattern 2) and large (pattern 1) trees of the three Myrcia species and their 

joined congeneric pattern were spatially associated, we used the bivariate pair correlation function 

!!"(#), which is analogous to the univariate function, but now the !!"(#) calculates the average 

number of neighbours of pattern 2 within a ring with radius r centered at a focal point of pattern 1, 

divided by the intensity λ2 of point pattern 2 in the study area. For the calculation of !!"(#), we fixed 

the location of pattern 1 points and randomized pattern 2 points following a CSR null model. The 

expectation under the null model is !!"(#) = 1 and departures above the simulation envelope indicate 

spatial association of small and large trees (Wiegand & Moloney 2014). 

 

Density-dependent effects on mortality 

To test if mortality of individuals of pattern 1 (given by small or large trees of the three Myrcia 

species, or by their joined congeneric pattern) was higher in areas with high local densities of 

individuals of pattern 1, we used the univariate function &&! for a binary mark of pattern 1 (d1: “dead” 

or s1: “alive”). The function &&! is the ratio 

&&!(#) = (!!#!,!(#) (!!%!,!(#)⁄  

of the neighbourhood densities (!!#!,!(#) and (!!%!,!(#) of pattern 1 at distance r of dead and 

surviving individuals of pattern 1, respectively. The !#!,!(#) and !%!,!(#) are the partial pair 

correlation functions giving the aggregation of points of pattern 1 (i.e., with marks “surviving” and 

“dead”; s1+d1) around points with the mark “dead” (d1) and “surviving” (s1), respectively. The (! is 

the intensity of individuals of pattern 1 (i.e., number of individuals divided by the area of the plot). 

Thus, the function &&! measures density effects on mortality: it quantifies how many more individuals 

surround on average dead individuals compared with surviving individuals, and therefore estimates the 

strength and direction of the density-dependent effects on mortality (Jacquemyn et al. 2010). 

To test the influence of a second pattern 2 (given by conspecific, congeneric, or heterospecific 

large trees) on the mortality of individuals of pattern 1 (as defined above), we used the bivariate 

function &&" 

&&"(#) = ("!#!,"(#) ∕ ("!%!,"(#) 
that is analogous to the univariate function, but now the density of individuals of pattern 2 is 

determined around dead individuals of pattern 1 (i.e., ("!#!,"(#)) and surviving individuals of pattern 

1 (i.e., ("!%!,"(#)). The (" is the intensity of individuals of pattern 2 (i.e., number of individuals 

divided by the area of the plot). The function &&" therefore measures density effects of a second 

pattern on the mortality of individuals of the focal pattern: it quantifies how many more individuals of 

pattern 2 surround on average dead individuals of the focal pattern 1 compared with surviving 

individuals of the focal pattern 1. 

To identify significant density-dependent effects, we compared the summary functions &&! 

and &&" to values expected under the “global” independent marking null model (as opposed to the 
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corresponding “local” null model - see below in “Effects of environmental heterogeneity on mortality 

and size”), in which the marks “dead” and “alive” are randomly shuffled among individuals of the 

focal pattern while keeping the original location of the individuals fixed (Wiegand & Moloney 2014). 

If the observed values are above the simulation envelope, density-dependent effects are negative, i.e. 

mortality is higher in areas with high local densities of individuals, while values below the simulation 

envelope indicate positive density-dependent effects, i.e. survival is higher in areas with high local 

densities of individuals. 

 

Density-dependent effects on size 

To determine if the size of the individuals of pattern 1 (i.e., small or large trees of the three Myrcia 

species, or their joined congeneric pattern) was correlated with the density of nearby individuals of 

pattern 1, we used the univariate non-cumulative density correlation function +&!,'!!(#) (Fedriani et 

al. 2015) with diameter at soil height (DSH) as the quantitative mark representing plant size. The non-

cumulative density correlation function +&!,'!!(#) is the standard Pearson cross-correlation 

coefficient between the sizes m1i of individuals i of pattern 1 and the corresponding density (!!!(,!(#) 
of individuals of pattern 1 at distance r around individuals i. Thus, +&!,'!!(#) is given by: 

+&!,'!!(#) =
∑ [.!( − 0!]2(!!!(,!(#) − (!!!,!(#)3(

4∑ [.!( − 0!]"( 5∑ 2(!!!(,!(#) − (!!!,!(#)3
"

(

 

where mi is the DSH of the focal individual i, μ1 is the mean DSH of individuals of pattern 1, 

(!!!(,!(#) is the density of points of pattern 1 at distance r of the focal individual i of pattern 1, 

!!(,!(#) is the “local” univariate pair correlation function of individual i of pattern 1, and !!,!(#) is the 

common univariate pair correlation function of pattern 1 at distance r of pattern 1 (the average of 

(!!!(,!(#) over all individuals i of the focal pattern). The function +&!,'!!(#) is normalised by the 

product of the standard deviations of the marks m1i and the local pair correlation functions (6&!"6'",!). 
To test the influence of pattern 2 (i.e., conspecific, congeneric, or heterospecific large trees) on 

the size of individuals of pattern 1 (as defined as above), we used the corresponding bivariate function 

+&!,'!"(#) 

+&!,'!"(#) =
∑ [.!( − 0!]2("!!(,"(#) − ("!!,"(#)3(

4∑ [.!( − 0!]"( 5∑ 2("!!(,"(#) − ("!!,"(#)3
"

(

 

that is analogous to the univariate function, but now the size of the individuals of pattern 1 is 

correlated with the density of nearby individuals of pattern 2. The ("!!(,"(#) is the density of points of 

pattern 2 at distance r of the focal individual i of pattern 1, !!(,"(#) is the “local” bivariate pair 

correlation function of individual i of pattern 1, and !!,"(#) is the common bivariate pair correlation 

function of pattern 2 at distance r of pattern 1 (the average of ("!!(,"(#) over all individuals i of the 
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focal pattern). The function +&!,'!"(#) is normalised by the product of the standard deviations of the 

marks m1i and the local pair correlation functions (6&!"6'",$).  
To identify significant density-dependent effects, we compared the summary functions 

+&!,'!!(#) and +&!,'!"(#) to values expected under the independent marking null model, in which 

DSH values are randomly shuffled among individuals of the focal pattern while keeping the original 

location of the individuals fixed (Fedriani et al. 2015). If the observed values are above the simulation 

envelope, density-dependent effects are positive, i.e. trees are larger in areas with high local densities 

of individuals, while values below the simulation envelope indicate negative density-dependent 

effects, i.e. trees are smaller in areas with high local densities of individuals. 

 

Effects of environmental heterogeneity on mortality and size 

In order to tease apart the effects of environmental heterogeneity and density-dependence on mortality 

and size, we compared the summary functions &&(#) and +&,'(#) to values expected under the local 

independent marking null model. In this variation, the marks are shuffled only among individuals 

closer than a given distance R, representing an approximate size of environmental patches. If the 

summary functions now fall inside the simulation envelopes, previous departures can be attributed to 

higher or lower densities of individuals within more or less favorable patches, respectively. 

Conversely, departures from the local null model indicate density-dependent effects within 

environmentally similar patches (Wiegand & Moloney 2014). We used R = 25 m (a quarter of the plot) 

for the local null model. 

 

Significance of patterns against a null model 

To determine whether the observed values differed from the expectation according to the appropriate 

null model at a given distance r, we constructed pointwise simulation envelopes containing 95% of the 

values of the summary functions calculated during 199 Monte Carlo simulations (Jacquemyn et al. al 

2010, Fedriani et al. 2015). Then, to accept or reject the null model for the entire 0-50 m-distance 

interval, we used global simulation envelopes to correct for the effect of pointwise multiple testing. In 

global envelopes, the significance level α of the test is valid for an entire given distance interval and 

not only for one distance r as for the pointwise test (Wiegand et al. 2016). We performed the spatial 

point pattern analyses using the Programita software (Wiegand & Moloney 2014), available at 

www.programita.org. Estimators and edge correction of g(r) are detailed in Wiegand et al. (2016). In 

all analyses, we used a 1-m spatial resolution, which is much smaller than the plots, fine enough to 

answer our questions, and larger than the mapping error of the data (Wiegand & Moloney 2014). 
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Results 
Myrcia racemosa was three times more abundant than M. brasiliensis and five times more abundant 

than M. multiflora. The three Myrcia species showed a higher number of small than large trees, with 

M. racemosa showing the largest difference in the proportion between size classes. While 14-20% of 

small trees of the three species died in a ~1-yr period, only one large tree (M. racemosa) died in the 

same period. Among the three species studied, M. brasiliensis showed the highest mortality of small 

trees. When we considered the ~10-yr period between forest inventories, mortality of trees with DBH 

≥ 4.8 cm were as follows: 11% for M. brasiliensis, 29% for M. multiflora, and 7% for M. racemosa 

(Figure 1). Small trees of M. multiflora and M. racemosa showed similar DSH and were larger than 

small trees of M. brasiliensis. Considering large trees, DSH was larger for M. brasiliensis and smaller 

for M. racemosa. For M. brasiliensis and M. multiflora, mortality occurred predominately in the 

smallest individuals in the small size class, whereas for M. racemosa, dead trees showed more variable 

DSH both in the small and large size classes (Figure 2). 

Both small and large trees of the three Myrcia species were aggregated. For M. brasiliensis, 

small trees were aggregated up to 25 m and large trees up to 9 m, and the size classes did not show 

spatial association. Small and large trees of M. multiflora, M. racemosa, and the joined pattern of the 

three Myrcia species were aggregated up to 25-40 m, and the size classes showed strong spatial 

association up to 35-40 m (Figure 3). 

Overall, the mortality and size of the three focal Myrcia species and of their joined pattern 

were independent of the density of conspecifics, congenerics, and heterospecifics, with the few 

exceptions we describe in the following. The neighborhood density of heterospecifics up to 1 m 

resulted in positive effects on survival of large trees of the joined pattern of the three Myrcia species 

(Table 1; Appendix S1). The size of small trees of M. racemosa was negatively correlated with the 

neighborhood density of small conspecifics up to 16 m. On the other hand, the size of small trees of M. 

racemosa was positively correlated with the neighborhood density of heterospecifics between 15 m 

and 44 m. Last, the size of small trees of the joined pattern of the three Myrcia species showed a 

negative correlation with the neighborhood density of small congenerics between the distances of 6 m 

and 12 m, and a positive correlation with the neighborhood density of heterospecifics between the 

distances of 14 m and 24 m (Table 1; Appendix S2). However, all the cases described were completely 

explained by environmental heterogeneity (the summary functions fell inside the envelopes when we 

used the local independent marking null model) (Table 1; Appendix S1; Appendix S2). 

 

Discussion 
In this study, we searched for evidence of mechanisms of species coexistence by means of diffuse 

heterospecific competition and/or CNDD using as a model three Myrcia species that are widely 

distributed in the Brazilian Atlantic Forest and coexist in a white-sand flooded forest by sharing the 
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same habitat within the forest (Ribeiro et al. 2021). Even though many studies showed the effects of 

diffuse competition and CNDD on community structuring (Comita et al. 2014, Zhu et al. 2015a), our 

refined spatial analysis showed that mortality and size of the three Myrcia species were basically 

independent of the local densities of conspecifics, congeners, and heterospecifics. Thus, we did not 

find the expected evidence of the action of diffuse competition and/or CNDD on the spatial patterns of 

the species studied. The few exceptions where we found effects of neighborhood densities on plant 

mortality and size were completely explained by environmental heterogeneity. This result agrees with 

a previous study that showed that the three Myrcia species show habitat association in the white-sand 

flooded tropical forest (Ribeiro et al. 2021). 

We expected diffuse competition to be weaker than CNDD in the study site, as proposed by 

the stress-gradient hypothesis (He et al. 2013). Nevertheless, the absence of CNDD was not expected, 

especially for aggregated small trees that are positively associated with conspecific large trees, which 

are reported to suffer strong CNDD (e.g., Harms et al. 2000, Comita et al. 2009, 2010, 2014, Bagchi et 

al. 2014, Lebrija-Trejos et al. 2014). Seedlings are highly susceptible to mortality factors (Comita et 

al. 2014), with density-responsive natural enemies being their main mortality agents in tropical forests 

(Mangan et al. 2010, Terborgh 2012, Bagchi et al. 2014, Forrister et al. 2019). Because the three 

Myrcia species are at the edge of their environmental tolerance in the white-sand flooded forest 

studied, and due to the trade-off between environmental tolerance and susceptibility to natural 

enemies, we expected high density-dependent mortality caused by the attack of natural enemies 

(Comita et al. 2010, Swinfield et al. 2012). Nevertheless, we did not find density-dependent effects 

even on the joined pattern of the three Myrcia species, which likely share natural enemies due to their 

close phylogenetic relatedness (Liu et al. 2012). Seedling-seedling competition is considered weak 

(Wright 2002, Paine et al. 2008, Terborgh 2012) because seedlings are too small to interact through 

the acquisition of resources. However, competition among large trees and negative effects of large 

trees on the availability of resources to small trees have been previously reported (Comita et al. 2010, 

Lebrija-Trejos et al. 2014). Alternatively, and similarly to our results, some studies found evidences of 

neutral processes in white-sand tropical vegetation (Silva et al. 2015, Silva et al. 2019) and neutral 

effects among adults and of adults on seedlings (Queenborough et al. 2007, Kobe & Vriesendorp 

2011, Zhu et al. 2015b, Wang et al. 2016). 

Competition may become stronger as trees grow and thus play a more important role in 

community structuring (Comita et al. 2010). Although mortality is an extreme effect of competition 

among large trees (Getzin et al. 2008), we also did not find evidence of size decrease with increasing 

densities of neighbours. This result reinforces that diffuse competition and CNDD are not the main 

drivers of the coexistence of our three Myrcia species. Uriarte et al. (2004) found a similar result for 

most species studied in Barro Colorado Island, Panama, and suggested that environmental 

heterogeneity greatly influences tree growth. The comparison between the results of our two null 

models showed that the departures from simulation envelopes of the null model that does not constrain 
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environmental effects disappeared once the effect of habitat was considered in approximation. This 

suggests that environmental heterogeneity is more important than neighborhood interactions in driving 

the mortality and growth of the three Myrcia species. Additionally, interspecific competition between 

species pairs (i.e. direct competition) might be more important than diffuse competition (Wiegand et 

al. 2007), especially between closely related species (Cavender-Bares et al. 2009). Nevertheless, a 

previous study showed no signatures of interspecific competition in the spatial patterns between pairs 

of Myrcia species, and between each Myrcia species and the most abundant species of the white-sand 

flooded forest studied (Ribeiro et al. 2021). 

The lack of neighborhood effects found here might have different explanations. First, for some 

species, density-dependent mortality during germination may be sufficiently strong to thin out 

seedlings to levels below which neighborhood effects are not detectable (Harms et al. 2000, Comita & 

Hubbell 2009). Second, more recently, some studies have shown that signatures of spatial processes 

are often very weak in species-rich forests (Fortunel et al. 2018). This may be explained by neutrality 

in neighborhood interactions, as predicted by the neutral theory (Hubbell 2001), or by demographic 

heterogeneity in the biotic neighborhood, as proposed in the dilution hypothesis (Wiegand et al. 2012, 

Wang et al. 2016). Third, ecological processes that produce opposite effects, such as interspecific 

competition and facilitation, may cancel each other out, resulting in an overall lack of neighborhood 

effects (McGill 2010, Punchi-Manage et al. 2015). Forth, the sample sizes of some of our analyses are 

relatively low, which can cause wider simulation envelopes. However, most results for the joined 

congeneric patterns and for the most abundant species M. racemosa were non-significant. Finally, and 

especially important for the species studied here, are interspecific trait differences that might lead to 

differences in resource acquisition (Adler et al. 2013). Thus, although species occur in the same 

habitat, they may avoid competition by using different resources (Reynolds et al. 2003). Experimental, 

observational, and analytical approaches could help elucidate the drivers of the lack of neighborhood 

effects in the Brazilian white-sand flooded forest. 

In summary, our results reinforce the importance of habitat filtering to community structuring 

in white-sand flooded tropical forests as found by Ribeiro et al. (2021) and suggest that the abiotic 

environment exerts a strong pressure for closely related species to differentiate. This makes the 

processes that maintain and contribute to species coexistence in harsh environments even more 

intriguing. Thus, our findings contribute to a deeper understanding of the mechanisms that act at the 

neighborhood scale in the study site by discarding the investigated mechanisms, CNDD and diffuse 

competition, and suggesting an alternative hypothesis for the coexistence of the species studied, i.e. 

niche differentiation. 
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Table 1. Density-dependent effects on mortality and size of three Myrcia species and their joined congeneric 

pattern. Individuals were sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. We compared 

the observed summary functions to expected values under the independent marking null model (global) and the 

local independent marking null model (local), which accounts for possible effects of environmental 

heterogeneity on plant mortality and size. The distances at which the observed summary functions departure 

from the global simulation envelopes are shown; (+) and (-) are positive and negative departures, respectively; 

no departures are represented by n.d. 

Effects on Focal pattern Interactions with Summary 
function 

Species 

M. brasiliensis M. multiflora M. racemosa Joined pattern 

Global Local Global Local Global Local Global Local 

Mortality 

Small conspecifics 

Small conspecifics dd1(r) nd nd nd nd nd nd   

Large conspecifics dd2(r) nd nd nd nd nd nd   

Large heterospecifics dd2(r) nd nd nd nd nd nd     

Large conspecifics 
Large conspecifics dd1(r) nd nd nd nd nd nd     

Large heterospecifics dd2(r) nd nd nd nd nd nd     

Small congenerics 

Small congenerics dd1(r)       nd nd 

Large congenerics dd2(r)       nd nd 

Large heterospecifics dd2(r)             nd nd 

Large congenerics 
Large congenerics dd1(r)       nd nd 

Large heterospecifics dd2(r)             (-) 0-1 m nd 

Size 

Small conspecifics 

Small conspecifics Cm1,g11(r) nd nd nd nd (-) 0-16 m nd     

Large conspecifics Cm1,g12(r) nd nd nd nd nd nd   

Large heterospecifics Cm1,g12(r) nd nd nd nd (+) 15-44 m nd     

Large conspecifics 
Large conspecifics Cm1,g11(r) nd nd nd nd nd nd     

Large heterospecifics Cm1,g12(r) nd nd nd nd nd nd     

Small congenerics 

Small congenerics Cm1,g11(r)             (-) 6-12 m nd 

Large congenerics Cm1,g12(r)       nd nd 

Large heterospecifics Cm1,g12(r)             (+) 14-24 m nd 

Large congenerics 
Large congenerics Cm1,g11(r)       nd nd 

Large heterospecifics Cm1,g12(r)             nd nd 
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Figure 1. Number of surviving and dead individuals of three Myrcia species sampled in a 1-ha plot of white-sand 

flooded forest, southeastern Brazil. Mortality of small and large individuals was recorded after a 1-yr period; 

mortality of individuals with DBH ≥ 4.8 cm was recorded after a 10-yr period. 
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Figure 2. Diameter at soil height (DSH) of surviving and dead individuals of small and large trees of three 
Myrcia species sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. Mortality of small and 
large individuals was recorded after a 1-yr period.  



 

 

82 

Figure 3. Uni- and bivariate spatial patterns of small and large trees of three Myrcia species and their joined 
congeneric pattern in a 1-ha plot of white-sand flooded forest, southeastern Brazil. The observed pair correlation 
functions ###(%) and ##$(%) (dots) were compared to global simulation envelopes (dashed lines) under the 
complete spatial randomness null model. 
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Supplementary material 

 

Appendix S1. Density-dependent effects of large heterospecifics on the mortality of large trees of the joined 

pattern of three Myrcia species, as measured by ''$. Trees were sampled in a 1-ha plot of white-sand flooded 

forest, southeastern Brazil. The observed  ''$(r) (dots) was compared to global envelopes of the “global” 

independent marking null model (dashed line) and of the local independent marking null model, which accounts 

for possible effects of environmental heterogeneity on plant mortality. 
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Appendix S2. Density-dependent effects on size of Myrcia species, as measured by the density correlation 

function (%,'(%). The (%,'(%) was calculated for the effects of small trees of Myrcia racemosa and of large 

heterospecifics on the size of small trees of M. racemosa, and for the effects of small trees of the joined pattern 

of three Myrcia species and of large heterospecifics on the size of small trees of the joined congeneric pattern. 

Trees were sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. The observed density 

correlation function (dots) was compared to the global simulation envelopes of the “global” independent 

marking null model (dashed lines) and the local independent marking null model, which accounts for possible 

effects of environmental heterogeneity on plant size. 
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Abstract 

Understanding the mechanisms structuring diverse communities in natural environments is one of the 

major interests in community ecology. According to niche theory, species coexistence within the same 

environmental patch with harsh physical conditions is possible when species exploit the same 

resources differently to avoid competitive exclusion, i.e., show niche differentiation in resource 

acquisition. Thus, we aimed to investigate evidence of intra- and interspecific variation in strategies 

related to tolerance and resource acquisition of three Myrcia species. We collected data in a permanent 

1-ha plot installed in the white-sand seasonally flooded forest in southeastern Brazil. We selected the 

species M. brasiliensis, M. multiflora, and M. racemosa co-occur in seasonally flooded areas. To 

evaluate the species strategies in the study plot, we measured traits to characterise different local 

strategies, and to compare the species strategies in the study plot and at the wider geographic scale 

where the species occur, we compiled data from databases and literature. We used six environmental 

variables to characterise the environment in the study plot. We investigated the relationship among 

measured traits and among environmental variables, whether strategies related to resource acquisition 

and tolerance differ among species, whether the three Myrcia species show different local strategies 

associated with the environment in the study plot, and whether there are differences in strategies of 

each Myrcia species between the study plot and the wider geographic scale where the species occur. 

We observed divergence in local strategies of tolerance and resource acquisition among species 

indicating coexistence at small spatial scales mediated by habitat filtering and interspecific 

competition. Contrary to expectations, the strategies of the three species in the study plot were similar 

to other areas where the species occur but with divergent responses of local strategies to 

environmental variation. In summary, our study allows us to suggest that the coexistence of M. 

brasiliensis with M. multiflora and M. racemosa is based on a divergence of local strategies. In 

addition, the coexistence of M. multiflora and M. racemosa, which present a convergence of strategies 

compared to M. brasiliensis, should be driven by the plasticity of local strategies associated with 

environmental variation. In this way, we proposed how species with similar environmental 

requirements coexist in a forest with severe flooding conditions. 

Keywords: Atlantic forest, congeneric species, environmental filtering, functional traits, restinga. 
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Introduction 
Understanding the mechanisms structuring diverse communities in natural environments is one of the 

major interests in community ecology (Brown 2014). The main coexistence mechanisms described in 

tropical forests are niche-based habitat filtering and interspecific competition (Wright 2002). 

According to niche theory, species with similar resource requirements compete intensely within the 

same environmental patch so that the superior species excludes the inferior one in a given combination 

of resources and conditions. Thus, coexistence in diverse communities is possible when species 

exploit same resources in different ways or to occupy different environmental patches, i.e. show niche 

differentiation (Chauvet et al. 2017, Wagg et al. 2017). 

Habitat filtering is expected to be a more important coexistence mechanism in harsh 

environments due to strong environmental constraints that allow only tolerant species to survive 

(Chapin et al. 1993, Reich et al. 2003). In seasonally flooded forests, environmental harshness occurs 

due to the low amount of oxygen available for roots and soil podzolisation resulting from flooding 

(Gomes et al. 2007). The edaphic conditions drive tree species distribution (Diniz 2009, Ribeiro et al. 

2021). 

Congeneric species are a good model to study coexistence because they tend to exploit the 

same resources in similar habitats (Losos 2008, Wiens et al. 2010) due to their shared evolutionary 

history (Baraloto et al. 2012). Therefore, the coexistence of congeneric species driven by habitat 

filtering to the same environmental patches would only be possible in the absence of interspecific 

competition, so that the species show niche differentiation in resource acquisition. However, resource 

partitioning among species can also occur if they show intraspecific plasticity of strategies that can 

provide divergent  resource acquisition (Callaway et al. 2003, Adler et al. 2013). 

Intraspecific plasticity of strategies that can provide divergent resource acquisition enables a 

given species to exploit the same resources in different environmental patches or to exploit the same 

resources differently in the same patches, thus avoiding interspecific competition (Callaway et al. 

2003, Kim & Ohr 2020). In the case of the three Myrcia species in the white-sand seasonally flooded 

forest, intraspecific plasticity should result in divergent resource acquisition strategies among species 

in patches subject to flooding, where the three species mostly co-occur (Ribeiro et al. 2021), relative to 

patches that are not seasonally flooded. We assume that intraspecific variation in local strategies 

within the 1-ha plot is not subject to natural selection due to pollen- and seed-mediated gene flow 

among environmental patches. In addition, strategies that can provide divergence of resource 

acquisition should differ among the three species in patches subject to flooding, enabling species 

coexistence is such environment, according to niche theory (Chauvet et al. 2017, Wagg et al. 2017). 

Alternatively, species can coexist neutrally without presenting different strategies (Hubbell 2001).  

The different intra- and interspecific strategies that can provide divergent resource acquisition 

affect the balance between growth and survival. For example, higher leaf area and specific leaf area 
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increase light capture efficiency; wood density is positively associated with growth and pathogen 

resistance, and higher relative growth rate is associated with increasing efficiency in the acquisition 

and allocation of soil water and nutrients (Wright et al. 2004, Chave et al. 2009, Pérez-Harguindeguy 

et al. 2013). Displacement of flowering and fruiting periods among species can also be understood as 

difference in interspecific strategies, since such displacement prevents competition for pollinators and 

seed dispersers, reduce pollen deposition in different species, and ensures fecundation and 

establishment. Thus, the species show different reproductive period. Alternatively, the facilitation 

hypothesis predicts that overlapping flowering or fruiting periods may provide a higher pollination and 

dispersal rate due to higher number of flowers and fruits available that attract a higher number of 

pollinators and seed dispersers. Thus, the species show same reproductive period (Staggemeier et al. 

2010). 

Because the distribution of three Myrcia species is driven by habitat filtering to the same 

environmental patches in the white-sand seasonally flooded forest (Ribeiro et al. 2021) and due to 

shared evolutionary history, the species should show similarity of strategies that provide higher 

tolerance, such as those that promote colonisation, establishment, support, and mechanic stability, and 

which are influenced by fruit and seed size, allometry, and stem form (Muller-Landau 2010, Mori et 

al. 2021). Fruit and seed size affect dispersal via disperser movement behaviour and the consequent 

seed arrival in habitats with suitable conditions for the species (Seidler & Plotkin 2006). Additionally, 

fruit and seed size affect the establishment of individuals through stored resources in seeds that aid the 

survival and recruitment of young seedlings (Moles & Westoby 2004, Bruelheide et al. 2018). 

Regarding allometry and stem form, larger relative stem base should provide greater mechanical 

support for trees in flooded areas (Mori et al. 2021). 

Although the three Myrcia species show habitat association to seasonally flooded patches in 

the white-sand seasonally flooded forest in southeastern Brazil, they are widely distributed throughout 

the Brazilian Atlantic forest (Ribeiro et al. 2021). Therefore, it is appropriate to compare the amplitude 

of strategies that can provide higher tolerance and divergent resource acquisition among species at the 

wider geographic scale where the species occur and explore amplitude variation of strategies driven by 

coexistence mechanisms at a local scale. The plasticity of local strategies with displaced and/or 

reduction of strategy (niche amplitude) sampled at the wider geographic scale may allow species 

coexistence by reducing the competition with each species occupying a distinct niche position 

(Callaway et al. 2003, Kim & Ohr 2020). For example, because larger seeds can present a higher 

tolerance, the three Myrcia species may show larger seeds in the white-sand seasonally flooded. 

Intraspecific variation in strategies at different spatial scales may occur due to plasticity or 

interpopulation genetic variability (Violle et al. 2012), which is an interesting topic for further 

research. 

Here we aimed to investigate evidence of intra- and interspecific variation in strategies that 

can provide higher tolerance and divergent resource acquisition of the three Myrcia species. We 
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questioned: (1) do strategies differ among the species in the white-sand seasonally flooded forest plot? 

(2) Do the species show plasticity in strategies associated with environmental variables within the 

plot? (3)  Are there differences in strategies of each species between the study plot and the wider 

geographic scale where the species occur? Within the study plot, as the species are driven by habitat 

filtering to the same environmental patches and shared an evolutionary history, we expect that the 

three Myrcia species show similarity of strategies that can provide higher tolerance, commonly 

associated to larger fruits and seeds, and larger relative stem base. Conversely, the three species should 

show different resource acquisition strategies that result in the absence of interspecific competition, 

commonly associated to different relative growth rate, leaf and wood traits, and possibly flowering and 

fruiting patterns. We also expect divergence of local strategies associated with environmental variation 

of within the white-sand seasonally flooded forest plot, enabling each of the three species to exploit 

different resources in seasonally flooded patches. Last, we expect smaller and displaced values of local 

strategies in study plot compared to amplitude of strategies at wider geographic scale, and different 

niche positions among three Myrcia species in study plot. 

 

Material and methods 
Study site 

We collected data in a permanent 1-ha plot installed at the white-sand flooded forest, i.e., Restinga 

forest, of the State Park “Parque Estadual da Serra do Mar”, municipality of Ubatuba, southeastern 

Brazil. The Restinga vegetation is the set of plant communities distributed as a mosaic and associated 

with quaternary coastal sand deposits and coastal rock environments (Oliveira et al. 2014). Therefore, 

the Restinga is considered an edaphic vegetation, in which soils play an important role in plant 

development (Bonilha et al. 2011). The regional climate is tropical humid (Morelatto & Haddad 

2000). In the study plot (23° 21’ S and 44° 51’ W), the Restinga is a forest physiognomy with 84 tree 

and palm species, being Myrtaceae and Fabaceae the richest families, and Myrtaceae, Arecaceae, and 

Euphorbiaceae the most abundant ones (Joly et al. 2012). The plot is partially flooded during the rainy 

season (Joly et al. 2012). 

 

Species studied 

The family Myrtaceae shows the highest species richness in tropical rainforests (Oliveira-Filho & 

Fontes 2000) and is represented by seven genera in the study plot, with the genus Myrcia (subfamily 

Myrtoideae) showing six species (Sanchez et al. 2013). We selected the tree species M. brasiliensis 

Kiaersk (synonym Gomidesia schaueriana O. Berg), M. multiflora (Lam.) DC., and M. racemosa (O. 

Berg) Kiaersk, for which a previous population study showed that, despite their wide geographic 

distribution, they occur associated with seasonally flooded areas in the study plot (Ribeiro et al. 2021). 

At the geographic scale, the three Myrcia species are predominantly distributed in the Brazilian 
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Atlantic Rainforest but may also be found throughout the Brazilian territory, from ombrophilous 

forests to grasslands (Sobral et al. 2015). As with all species of the subfamily Myrtoideae, the three 

species studied have bisexual flowers (Wilson et al. 2005). The pollination is performed 

predominantly by bees and occasionally by Diptera for M. multiflora and M. racemosa (Fidalgo & 

Kleinert 2009). The three species show fruits attractive to birds, which act as the main seed dispersers 

(Castro 1998, Pedroni 2001). 

Despite some similarities of the three Myrcia species, studies conducted in different regions of 

Brazil show that the species differ in maximum tree height, vegetative traits such as stem and leaves, 

flower and fruit traits, and reproductive period, as shown in Table 1. Within the study plot, Ribeiro et 

al. (2021) showed that M. brasiliensis is widely distributed, M. multiflora occurs predominantly in the 

portion that is seasonally flooded, and M. racemosa is the most abundant Myrcia species and occurs 

most densely in the seasonally flooded area. 

 

Data collection 
Local strategies 

In order to evaluate the strategies of the three Myrcia species in the study plot (as shown in table 2), 

we measured all individuals for height (H) and diameter at soil height (DSH) between 2016 and 2017 

(details in Ribeiro et al. 2021). For individuals taller than 2.5 m, we examined monthly the presence of 

flowers (flower buds and flowers in anthesis) and fruits (immature and mature) between March 2017 

and March 2019 in order to determine the flowering and fruiting period of the three species. We used 

binoculars for the observation of reproductive structures when necessary. Individuals shorter than 2.5 

m were not included in phenological observations because we did not observe such individuals 

reproducing during the population census. In early 2019, we randomly collected three fruits from 10 

adults of M. brasiliensis and M. racemosa, and from two adults of M. multiflora that were 

reproductively active at that moment. For each fruit, we measured the length (FL), width (FW), and 

the number of seeds. Then, we manually extracted the seeds from the fruits, dried in an oven for three 

days at 58ºC, and measured, for each seed, the length (SL), width (SW), and mass (SM). We also 

measured the length and width of seeds collected in seed traps. These seeds were sampled monthly for 

three years (August 2016 to July 2019) in 60 traps randomly distributed in the study plot (a total of 

seed traps 2160 samples). The samples were dried for three days at 58ºC, and the dry seeds were 

identified to the species level by comparison with seeds collected directly from adults of each species. 

We raffled ten samples containing Myrcia species seeds and measured one seed per sample. For M. 

multiflora, we selected ten samples collected in seed traps located more than 10 m away from 

individuals of Calyptranthes sp., as fruits and seeds of the latter are very similar to seeds of M. 

multiflora. 

For individuals that were reproductively active between March 2017 and February 2018, we 

collected leaf and wood traits distributed in random locations covering flooded and non-flooded areas 



 

 

92 

(as shown in table 2). These data were collected for 11 adults of each M. brasiliensis and M. 

racemosa, and eight adults of M. multiflora, as there were not more individuals of the latter species 

large enough for the collection of stem baguettes. To quantify specific leaf area (SLA), we randomly 

collected one branch exposed directly to the sun per individual, using a pruner on an extension pole in 

February 2018. We digitalized three leaves per branch, converted the digitalized images into binary 

images, and obtained the leaf area (LA) through the threshold-based pixel count measurement with the 

ImageJ program, available at https://imagej.nih.gov/ij/index.html. Subsequently, the leaves were dried 

in an oven for three days at 58ºC and weighed in a digital scale to obtain the dry mass. The SLA was 

given by LA / dry mass (Pérez-Harguindeguy et al. 2013). We calculated the mean of the three leaves 

to obtain one SLA value for each adult. To obtain wood density (WOOD), we removed one stem 

baguette per individual at 1.20-m height with an increment borer also in February 2018. We then 

calculated WOOD as the dry mass of the wood sample divided by the water mass displaced by the 

wood core volume (Chave 2005). For this, we used a digital scale and a Becker with water to calculate 

the mass of water displaced by the volume of the collected baguette. Subsequently, we used an oven 

for drying the baguettes for three days at 58ºC and a digital scale to obtain the dry mass. 

For the same 11 adults of each M. brasiliensis and M. racemosa, and eight adults of M. 

multiflora that we collected leaf and wood traits, we calculated the relative growth rate as RGR =
(DBH)" − DBH)!) ∕ DBH)! (Pérez-Harguindeguy et al. 2013), where DBH is the diameter at breast 

height measured in 2006 (t1) and 2015 (t2) in forest inventories conducted in the study plot (data 

available in ForestPlots.net). We also calculated the allometric coefficient as AC = 	ln(H) ∕ ln(DSH) 
(Mori et al. 2021) and the stem-form coefficient as SFC = 	DSH ∕ DBH to identify the form of the stem 

base. To calculate SFC, we used the DBH measured in 2015 to match more closely the DSH measured 

in our population census. 

In order to compare the strategies that can provide divergent resource acquisition and higher 

tolerance of the three Myrcia species in the study plot and at the wider geographic scale where the 

species occur, we compiled data from TRY (Kattge et al. 2020), Neotropical Tree Community 

(TreeCo; http://labtrop.ib.usp.br/doku.php?id=projetos:treeco:start), ForestPlots.net 

(https://www.forestplots.net/), and Knowledge Network for Biocomplexity (KNB; 

https://knb.ecoinformatics.org/) databases and literature. The databases contain information from 14 

Brazilian areas (municipalities or states) and the data available corresponds to the value per individual, 

the maximum value obtained at a given area, or the average value for an area. 
 

Environmental variables 

We used six environmental variables measured by Ribeiro et al. (2021) at a 10 x 10 m scale to 

characterize the environment in the study plot. The variables are associated with seasonal flooding 

(flooding depth, soil moisture, elevation, and terrain slope), and with light availability in the 
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understory (canopy openness) and forest regeneration (litterfall depth). Details can be found in Ribeiro 

et al. (2021). 
 

Data analysis 

To investigate whether strategies that can provide higher tolerance and divergent resource acquisition 

among the three Myrcia species in the study plot, we performed an analysis of variance (ANOVAs) 

with a posteriori Tukey’s (Zar 2010) tests for each of the variables measured (table 2), except for 

reproductive period. We also performed a principal component analysis (PCA) for each Myrcia 

species to assess the relationship among LA, SLA, WOOD, AC, SFC, RGR measured in the same 

individuals (trait PCA), and to assess the relationship among environmental variables in study plot 

(habitat PCA) (Zuur et al. 2007). Although the species are filtered for the same environment (Ribeiro 

et al. 2021), we performed the PCA with the environmental variables data obtained where the 

individuals used to collect the traits are located. We analysed the frequency of flowering and fruiting 

(i.e., the number of individuals in a given reproductive phenophase per month) of the three Myrcia 

species using circular statistics. We calculated the mean angle (ā), which indicates the month with the 

central tendency of the phenophase; the length of the mean vector (r), which represents the 

concentration of each phenophase, and the circular standard deviation of each phenophase. For 

calculating these parameters, the months are converted into angles at regular intervals of 30º, being 

January 15º and December 345º (Zar 2010). To evaluate the seasonality of flowering and fruiting of 

each species, we used the Watson uniformity test (U²), which is recommended when the population 

sample is grouped and not unimodal (Zar 2010). To compare the seasonal flowering and fruiting 

patterns among the three Myrcia species, we used the Watson-Williams test (F) recommended for 

multisamples (Zar 2010). We analysed data using the R Statistical Environment (R Core Team 2014). 

To investigate whether the three Myrcia species show plasticity in strategies associated to the 

environmental variation within the study plot and whether the strategies differ among the species in 

seasonally flooded patches, we conducted multiple linear regressions between the first trait PCA axis 

and each environmental variable as a predictor (Zuur et al. 2009, Lebrija-Trejos et al. 2010). For the 

regressions, we standardised the predictor variables by subtracting the mean and dividing the result by 

the standard deviation to enable a direct comparison of the relative importance of local strategies. We 

log-transformed the environmental variables before standardisation (Fortunel et al. 2018). 

To investigate whether there are differences in strategies of each Myrcia species between the 

study plot and the wider geographic scale where the species occur, we produced a graph with the 

strategies displayed at the Restinga forest and data compiled from other sites. The graph enables 

comparative visual inspections between two data groups and among species. 
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Results 
Fruit and seed size (FL, FW, SL, and SW) differed among the three species, with M. brasiliensis 

showing the largest fruits and M. multiflora the smallest, whereas M. racemosa showed the largest 

seeds and M. multiflora showed the smallest. Seed mass (SM) was similar between M. brasiliensis and 

M. multiflora, whose seeds were lighter in weight relative to M. racemosa (Tukey’s test p <000.1, 

Figure 1). Myrcia brasiliensis had more than one seed per fruit (1-4), while the other two species had 

only one seed. 

The three species showed similar stem-form coefficient (SFC) and relative growth rate (RGR). 

Myrcia multiflora and M. racemosa showed similar wood density and allometric coefficient, which 

were higher than for M. brasiliensis. Myrcia brasiliensis and M. racemosa showed similar leaf area 

(LA), which was higher than for M. multiflora. However, M. multiflora showed similar specific leaf 

area (SLA) to the other two species, while M. racemosa showed higher SLA than M. brasiliensis 

(Tukey’s test p <000.1, Figure 1). The first trait PCA axis explained 36.7% of the variation in 

strategies among the three species in the study plot. Myrcia brasiliensis showed higher light capture 

efficiency (represented by LA), whereas M. multiflora and M. racemosa similarly invest more in 

growth, pathogen resistance, and mechanic stability (represented by WOOD and AC; Figure 2A) 

However, M. multiflora and M. racemosa showed greater variation of the second axis traits (SFC and 

RGR), although they have little influence on the difference between species. The habitat PCA showed 

habitat overlap of the three species with first axis explaining 44.2% of the environmental variation 

among the three species in the study plot. The elevation is inversely proportional to soil moisture, 

terrain slope and flooding depth, and canopy openness is inversely proportional to flooding depth 

(Figure 2B). 

The three Myrcia species showed seasonal flowering and fruiting in the two monitored years, 

except for the fruiting of M. brasiliensis, which was unseasonal in the first year. All species showed 

flowering overlap in January, whereas fruiting was not overlapped among the species, occurring from 

January to April, and more variable between years for the same species than the flowering period 

(Table 3). 

The three Myrcia species showed plasticity in strategies associated with environmental 

variation within the study plot and differed in their strategies in seasonally flooded patches. Myrcia 

brasiliensis responded to higher elevations with higher light capture efficiency (LA in the first trait 

PCA axis; R=0.42, p=0.04). Myrcia multiflora showed higher investment in growth, pathogen 

resistance, and mechanic stability (WOOD and AC in the first trait PCA axis) in areas with higher soil 

moisture (R=0.74, p=0.01) and terrain slope (R=0.57, p=0.05). On the other hand, M. racemosa 

showed lower investment in growth, pathogen resistance, and mechanic stability in areas with higher 

soil moisture (R=0.40, p=0.05; Figure 3). 
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The values of traits measured for each Myrcia species in the study plot and other areas where 

the species occur are within the same range (Figure 4). Additionally, given one trait, the species with 

the highest, the intermediate, and the lowest values are the same in the study plot and in other areas. 

Thus, there is no difference in traits of the Myrcia species between the study plot and the wider 

geographic scale where the species occur as we observed by the visual inspection of the graphs. 

 

Discussion 
In this study, we investigated evidence of intra- and interspecific variation in strategies that can 

provide higher tolerance and divergent resource acquisition of three Myrcia species that show habitat 

association to the same seasonally flooded patches in a 1-ha plot of white-sand seasonally flooded 

forest in southeastern Brazil. Within the seasonally flooded patches, the three species do not show 

spatial patterns consistent with interspecific competition (Ribeiro et al. 2021). Here, we found that the 

species differ in their strategies that can provide higher tolerance and divergent resource acquisition in 

the study plot. Even though differences of fruit and seed size, commonly associated to tolerance, were 

not expected because the three species co-occur within the same seasonally flooded patches, our 

results showing different strategies of resource acquisition reinforce the previous finding that 

interspecific competition (Ribeiro et al. 2021) is not an important driver of coexistence of the three 

Myrcia at small spatial scales. We also found that the species show plasticity in strategies associated 

with environmental variation within the study plot and differ in their strategies in seasonally flooded 

patches, which might also promote coexistence. Because the three Myrcia species are widely 

distributed throughout the Brazilian Atlantic forest (Ribeiro et al. 2021), we additionally compared 

strategies displayed by each species in the white-sand seasonally flooded forest and at the wider 

geographic scale where the species occur. Contrary to expectations, the strategies did not differ 

between the study plot and other areas where the species occur. 

We evaluated strategies that can provide higher tolerance commonly associated to fruit and 

seed size, seed mass, stem form coefficient (SFC), and allometric coefficient (AC). Although the three 

Myrcia species differed in their fruit and seed traits, SFC was similar among the species, and M. 

multiflora and M. racemosa showed similar AC. Because the species are filtered to seasonally flooded 

patches in the study plot, it is likely that SFC and AC play a more important role in the occupation of 

such environmentally harsh patches than fruit and seed traits, as both SFC and AC are related to tree 

mechanical stability (Mori et al. 2021). Moreover, fruit and seed traits affect colonisation and 

establishment (Moles & Westoby 2004, Bruelheide et al. 2018), whose resulting spatial distribution 

patterns might be overridden by other ecological processes that act during the lifetime of individual 

trees (Levine & Murrell 2003). On the other hand, fruit and seed traits may show a long-lasting effect 

on the abundance of large trees, as shown for grass species (Padullés et al. 2022). The larger seeds of 

M. racemosa might promote higher survival and establishment of young seedlings (Moles & Westoby 
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2004), and allow the observed highest species abundance in seasonally flooded patches in comparison 

to the other two Myrcia species. Conversely, M. multiflora is the less abundance and more restricted to 

seasonally flooded patches among the three Myrcia species (Ribeiro et al., 2021) and has the smallest 

seed. 

We evaluated resource acquisition strategies commonly associated to wood density (WOOD), 

leaf area (LA), specific leaf area (SLA), relative growth rate (RGR), allometric coefficient (AC), and 

reproduction period. WOOD is usually negatively related with LA (Wright et al. 2007), as our trait 

PCA showed for the three Myrcia species in the study plot. The negative relationship occurs because 

species with lower WOOD show higher hydraulic efficiency that supports larger leaves that require 

more sap (Wright et al. 2007, Chave et al. 2009). Among the three species here studied, M. 

brasiliensis invest more in light capture efficiency (represented by LA), whereas both M. multiflora 

and M. racemosa invest more in growth, pathogen resistance, and mechanic stability (represented by 

AC in addition to WOOD). Although the latter two species show high similarity, M. racemosa has a 

higher photosynthetic performance, as represented by higher values of SLA in the ANOVA. 

Therefore, there is divergence in resource acquisition strategies among the three species, suggesting 

that there is not interspecific competition among them (Adler et al. 2013). This result agrees with a 

previous study that used the spatial structure of Myrcia populations in the study plot, and showed no 

spatial dissociation between species pairs and no decrease of tree size with increasing proximity of 

congeners, which indicate no interspecific competition (Ribeiro et al. 2021). 

Wood density is often a phylogenetically conserved trait and varies little among species of the 

Myrcia genus (Chave et al. 2006). However, all three species here studied showed lower wood density 

than the mean for the genus (Chave et al. 2006), and M. multiflora and M. racemosa that occur 

exclusively and more abundantly in the flooded area, respectively, presented higher wood density than 

M. brasiliensis, probably reflecting the strong selective pressure act on plants differentiation in harsh 

environments of seasonal flooding. Also, M. multiflora and M. racemosa showed higher allometric 

coefficients, indicating more mechanical stability in seasonally flooded areas (Mori et al. 2021) 

compared to M. brasiliensis. 

The overlapping flowering period of the three Myrcia species was also observed by Fidalgo & 

Kleinert (2009) and Talora & Morellato (2000) in the study area. Because the species share pollinator 

bee species (Fidalgo & Kleinert 2009), they might either compete for pollinators according to the 

competition hypothesis or show a higher pollination rate due to the attraction of a higher number of 

pollinators according to the facilitation hypothesis (Staggemeier et al. 2010). The pollen as a 

characteristic floral resource of Myrtaceae species (Silva & Pinheiro 2007, Fidalgo & Kleinert 2009) 

is available in large quantities with the overlapping flowering which allow more attraction of 

pollinators. This strategy supports the facilitation hypothesis to coexistence of the three Myrcia species 

studied that predict the absence of competition for pollinators. The same seems true for seed 

dispersers, as the fruiting period did not overlap among the species (Staggemeier et al. 2010). 
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Different fruiting periods for M. multiflora and M. racemosa were also found by Talora & Morellato 

(2000) in the same area, but the authors observed shorter fruiting periods than we did. Inter-annual 

variation in reproductive phenology is commonly observed and might reflect biotic and abiotic 

environmental variation along time (Engel & Martins 2005). 

In our study plot, lower elevation, higher soil moisture, higher terrain slope and higher 

flooding depth are correlated and indicate seasonally flooded patches. Indeed, the three Myrcia species 

showed plasticity and interspecific differences in their strategies associated with elevation, soil 

moisture, and terrain slope. As in Ribeiro et al. (2021), we probably did not find responses to flooding 

depth because this variable was measured only once and may thus not be able to capture flooding 

seasonality properly. Considering the first trait PCA axis (WOOD-LA), M. brasiliensis and M. 

multiflora showed lower LA and higher WOOD associated with higher flooding, while M. racemosa 

showed the opposite association. Additionally to higher growth and pathogen resistance provided by 

higher WOOD, it is also related to higher hydraulic safety due to very thick-walled fibres, and lower 

efficiency in water transport and release during transpiration (Chave et al. 2009). Therefore, higher 

investment in WOOD should work well in environments with high water availability, as found here 

for M. brasiliensis and M. multiflora, and for other tree species studied by Xu et al. (2021) in flooded 

areas. Nevertheless, M. racemosa associated with flooding in an opposite fashion. In this case, lower 

investment in WOOD in flooded areas can maximize water transport without the costs of trunk 

thickening. Overall, the species M. multiflora and M. racemosa showed similar strategies, so the 

differentiation associated with environmental variables indicate a means of avoiding competition and 

coexist in flooded areas. Thus, future studies evaluating local strategies of species in flooded and non-

flooded areas would help better explain this selective pressure from harsh habitats. 

In the white-sand tropical forest, the seasonal flooding requires trees to adapt for prolonged 

inundation (Johnson et al. 2017). Thus, due to harsh physical conditions in the study area, we expected 

to observe different species strategies in comparison with wider geographic scale where the species 

occur. Although the species showed plasticity associated with environmental variation, the seasonal 

flooding do not act as a selective pressure differentiating Myrcia species in the studied plot from other 

areas. Working in a white-sand forest in southeast Brazil, we found evidence of divergence of local 

strategies driven by habitat filtering and interspecific competition, besides the plasticity of local 

strategies. However, it is relevant to consider the observational, short-term, and small-scale nature of 

the data, so that future studies involving these factors will contribute to the understanding of the 

results obtained in this study. 

In summary, our study allows us to suggest that the coexistence of M. brasiliensis with M. 

multiflora and M. racemosa is based on a divergence of local and general strategies. In addition, the 

coexistence of M. multiflora and M. racemosa, which present a convergence of strategies compared to 

M. brasiliensis, should be driven by the plasticity of local strategies associated with environmental 
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variation. In this way, we proposed how species with similar environmental requirements coexist in a 

forest with severe flooding conditions. 
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Figure 1. One-way ANOVA evaluating differences in wood density, specific leaf area, leaf area, relative growth 
rate, allometric coefficient, stem-form coefficient, fruit length, fruit width, seed length, seed width, and seed 
mass among three Myrcia species sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. 
Different letters indicate statistical difference (p<0.05) among species according to Tukey's test. 
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A                        Trait PCA

 

B                     Habitat PCA

 

Figure 2. Principal component analysis (PCA-A) of leaf area (LA), specific leaf area (SLA), 

wood density (WOOD), relative growth rate (RGR), allometric coefficient (AC), and stem-

form coefficient (SFC), and principal component analysis (PCA-B) of environmental 

variables that characterize the point where the individuals of three Myrcia species were 

sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. The size of the 

symbols indicates contribution of individuals in the analysis. 
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Figure 3. Multiple linear regression coefficients between the first trait PCA axis in Fig. 1 and standardized 

environmental variables, indicating environmentally-driven, plastic local strategies of three Myrcia species 

sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil. Circles show the medians of the 

coefficients and the lines indicate 95% credible intervals. Blue circles indicate positive effects (p ≤ 0.05) and red 

circles indicate negative effects (p ≤ 0.05). 
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Figure 4. Traits of three Myrcia species sampled in a 1-ha plot of white-sand flooded forest, southeastern Brazil 

(green symbols), and in other Brazilian areas. Data from other Brazilian areas was compiled from databases and 

the literature. 
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Table 1. Review of published studies that observed the traits of Myrcia species. 

Traits M. brasiliensis M. multiflora M. racemosa 

Height 

Maximum (m) 30 2-4 18 6 8 

Locality State of São Paulo 

Seasonal Semideciduous 
Forest, capoeira, and 
rupestrian field of the state 
of Minas Gerais 

Restinga of Marambaia, 
state of Rio de Janeiro 

Dense Ombrophilous 
Forest in Ilha do Mel, state 
of Paraná 

State of Rio de Janeiro 

Reference Caliari (2013) Morais & Lombardi (2006), 
Rosa & Romero (2012) Souza et al. (2007) Lima et al. (2015) Souza et al. (2007) 

Trichomes 
Local 

New branches, petioles and flowers, especially the 
hypanthium, covered with simple trichomes; leaves 
and peduncles with simple, but sparse, trichomes 

New branches, petioles, stalk and abaxial faces of the 
leaves sparsely covered with trichomes 

New branches, petioles, inflorescences, and central rib 
of the abaxial and adaxial faces of the leaves densely 
covering 

Reference Lima et al. (2015) Lima et al. (2015) Souza et al. (2007), Lima et al. (2015) 

Stem 
Aspect 

  
Outer bark laminated and defoliating into small thin 
blades, with a whitish to pinkish coloration 

Outer bark laminated and defoliating into papyraceous, 
grayish, lichenized blades, with green spots 

Reference Souza et al. (2007), Lourenço et al. (2012) Souza et al. (2007) 

Leaves 

Colour Green or brown Discolored   

Shape Slightly acuminate, acute or obtuse apex Acuminate apex Long-acuminate apex 

Other traits   Evident glands   

Reference Boeger et al. (2004), Caliari (2013) Souza et al. (2007), Lima et al. (2015) Souza et al. (2007), Lima et al. (2015) 

Inflorescence 

Type Panicle Panicle Panicle 

Colour Yellowish-whitish to slightly golden     

Reference Caliari (2013), Lima et al. (2015) Morais & Lombardi (2006), Souza et al. (2007) Rosa & 
Romero (2012), Lima et al. (2015) Souza et al. (2007), Lima et al. (2015) 

Flower buds 
Length (mm) 4-7 1.5-3 2 

Reference Caliari (2013) Morais & Lombardi (2006), Rosa & Romero (2012) Souza et al. (2007) 

Flower 
Type Sessile or pedicellate Pedicellate Sessile or pedicellate 

Reference Lima et al. (2015) Morais & Lombardi (2006), Rosa & Romero (2012) Lima et al. (2015) 

Fruit 

Shape Globular Globular Globular 

Diameter (mm) 9-14 3.6-6 4.3-6.5  

Colour Yellow, orange, reddish, or black  Black Red 

Reference Caliari (2013) Morais & Lombardi (2006), Rosa & Romero (2012) Lima et al. (2015) 

Flowering 

Period November to March September to 
December November to February  December to January 

Twice a year from 
December to January and 
from August to September 

January to April 

Locality White-sand flooded forest 
here studied 

Semideciduous 
forest 

White-sand flooded forest 
here studied 

White-sand flooded forest 
here studied 

White-sand flooded forest 
here studied 

White-sand flooded forest 
here studied 

Reference Fidalgo & Kleinert (2009) Bauer et al 2014 Fidalgo & Kleinert (2009) Talora & Morellato (2000) Talora & Morellato (2000) Fidalgo & Kleinert (2009) 

Fruiting 

Period December to June January to July January to February Twice a year from October to December and from May 
to June 

Locality White-sand flooded forest in 
Ilha do Mel, state of Paraná 

Semideciduous 
forest White-sand flooded forest here studied White-sand flooded forest here studied 

Reference Marques & Oliveira (2004) Bauer et al 2014 Talora & Morellato (2000) Talora & Morellato (2000) 
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Table 2. Traits measured for three Myrcia species sampled in a 1-ha plot of white-sand forest, southeastern 

Brazil. The ecological strategy indicated by each trait was obtained from Wright et al. (2004), Chave et 

al. (2009), Pérez-Harguindeguy et al. (2013), and Mori et al. (2021). 

Trait Abbreviation Strategy type Ecological strategy Unit 

Wood density WOOD 

Resource 
acquisition 

Allocation to growth and pathogen resistance g/cm3 
Leaf area LA Light capture efficiency cm2 

Specific leaf area SLA Leaf economics-resource capture cm2/g 
Relative growth rate RGR Resource capture and allocation efficiency cm/cm 
Reproductive period - Competition for pollinators and dispersers - 
Fruit length FL 

Tolerance 

Dispersion distance and colonization mm 

Fruit width FW Dispersion distance and colonization mm 
Seed length SL Establishment mm 
Seed width SW Establishment mm 
Seed mass SM Establishment g 

Stem form coefficient SFC Support and mechanic stability cm/cm 

Allometric coefficient AC 
Resource 

acquisition and 
Tolerance 

Growth strategy and mechanic stability cm/cm 
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Table 3. Flowering and fruiting patterns of three Myrcia species in two study 

years in a 1-ha plot of white-sand flooded forest, southeastern Brazil. 

 Flowering 
1st year 

Flowering 
2nd year 

Fruiting 1st 
year 

Fruiting 
2nd year 

Myrcia brasiliensis 
    

Observations (N) 30 219 21 213 

Mean angle (ā) 16º 13º 93º 10º 

Mean month Jan Jan Apr Jan 

Length of mean vector (r) 1.00 0.88 0.04 0.21 

Circular standard deviation  5º 29º 143º 101º 

Watson test (U²) 2.488 10.229 0.062 1.951 

Watson test (p) < 0.01  < 0.01  > 0.10 < 0.01  

Periodicity seasonal seasonal unseasonal seasonal 

Myrcia multiflora     
Observations (N) 10 98 7 104 
Mean angle (ā) 18º 18º 95º 65º 
Mean month Jan Jan Apr Mar 
Length of mean vector (r) 0.99 0.89 0.61 0.15 
Circular standard deviation  9º 28º 57º 111º 
Watson test (U²) 0.816 4.790 0.266 0.674 
Watson test (p) < 0.01  < 0.01  < 0.025  < 0.01  
Periodicity seasonal seasonal seasonal seasonal 

Myrcia racemosa     

Observations (N) 20 363 54 344 

Mean angle (ā) 15º 15º 65º 38º 

Mean month Jan Jan Mar Feb 

Length of mean vector (r) 1.00 0.87 0.41 0.23 

Circular standard deviation  0 30 76 98 

Watson test (U²) 1.728 16.644 0.918 2.831 

Watson test (p) < 0.01 < 0.01  < 0.01  < 0.01  

Periodicity seasonal seasonal seasonal seasonal 
Watson-Williams test (F) 0.965 1.277 10.733 7.695 

Watson-Williams test (p) 0.387 0.280 < 0.0001 0.0005 
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Considerações finais 
Entender os processos ecológicos que promovem a coexistência de espécies arbóreas em ambientes 

megadiversos como as florestas tropicais é um tema central em ecologia de comunidades (He et al. 

1996). Esse tema ganha maior relevância em ambientes com condições severas de alagamento, cujas 

alterações decorrentes de mudanças climáticas e uso da terra podem desestruturar a comunidade arbórea 

(Kraft et al. 2015). Em florestas tropicais, os principais mecanismos de coexistência são baseados em 

processos determinísticos como filtragem ambiental e competição intra- e interespecífica (Wright 2002), 

processos estocásticos associados à dispersão de sementes (Wiegand et al. 2012), e dependência 

negativa de densidade de coespecíficos (DNDC), resultante de competição intraespecífica e ataque de 

inimigos naturais espécie-específicos (LaManna et al. 2017). Neste estudo, nós investigamos 

principalmente os processos determinísticos utilizando abordagens recentes que avaliam a estrutura 

espacial das populações (Getzin et al. 2006, Brown et al. 2013, Yan et al. 2015) e a variação das 

estratégias funcionais (Hofhansl et al. 2021) de três espécies arbóreas congenéricas simpátricas em uma 

floresta de restinga sazonalmente alagável. 

Ao avaliarmos a influência de variáveis ambientais sobre o padrão de distribuição espacial das 

populações das três espécies congenéricas estudadas, observamos que as espécies são filtradas em 

diferentes graus para as mesmas manchas ambientais sujeitas a alagamento dentro da parcela. Assim, 

evidenciamos que o alagamento não impõe restrições a ocupação das espécies estudadas e que a 

filtragem ambiental na floresta sazonalmente alagável é um dos mais importantes processos 

direcionando a distribuição espacial local das espécies estudadas (Ribeiro et al. 2021). As associações 

ambientais similares são esperadas em espécies que apresentam uma grande proximidade filogenética, 

como é o caso de espécies congenéricas, devido à potencial similaridade dos requisitos ambientais 

(Losos 2008). 

A coexistência das três espécies congenéricas estudadas nas áreas sujeitas a alagamento sugere 

que outros processos ecológicos mantenedores de diversidade podem estar atuando em uma escala 

espacial menor do que a das manchas ambientais, como limitação de dispersão, competição intra- e 

interespecífica e o ataque de inimigos naturais espécie-específicos, os quais ocorrem em pequenas 

escalas espaciais (Wright 2002). Ao avaliarmos a relação espacial entre as classes de tamanho de 

congenéricos e coespecíficos, encontramos evidências de limitação de dispersão apenas para uma das 

espécies estudadas e apenas entre as classes de tamanho menores e a classe de tamanho maior. Assim, 

a limitação de dispersão direciona a relação espacial inicial entre indivíduos menores e maiores da 

espécie, mas, conforme as árvores crescem, a filtragem ambiental se torna mais importante (Ribeiro et 

al. 2021). Para confirmar nossa inferência, estudos que avaliem a distribuição espacial da chuva de 

sementes e a relação com as primeiras classes de tamanho seriam fundamentais. 

A distribuição espacial do tamanho dos indivíduos das três espécies congenéricas estudadas e 

as interações com outras espécies da comunidade indicam que não há competição direta entre as três 
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espécies, e entre cada uma delas e as espécies mais abundantes da comunidade (Ribeiro et al. 2021). 

Então, avaliamos os efeitos dependentes de densidade na mortalidade e no tamanho dos indivíduos, se 

esses efeitos são mais fortes em árvores pequenas do que em árvores grandes, e se a mortalidade e o 

tamanho são influenciados pela heterogeneidade ambiental. Embora muitos estudos mostrem evidências 

de competição difusa e DNDC na estruturação de comunidades (Comita et al. 2014, Zhu et al. 2015), 

não encontramos evidências que sustentassem a atuação desses mecanismos mantenedores de 

diversidade nas três espécies estudadas. Porém, novamente encontramos que a mortalidade e o tamanho 

dos indivíduos respondem à variação ambiental dentro da parcela de floresta de restinga sazonalmente 

alagável. 

As relações espaciais independentes entre coespecíficos, congenéricos e heteroespecíficos 

indicam que os indivíduos das espécies estudadas não interagem entre si e com outras espécies, de forma 

a alterar seu arranjo espacial. Isso sugere que a ocupação e a coocorrência das espécies na floresta de 

restinga são determinadas principalmente pela tolerância das três espécies congenéricas estudadas às 

condições de alagamento. Para avaliar essa hipótese, estudos futuros podem investigar os padrões de 

distribuição espacial de outras espécies congenéricas e, mais amplamente, considerar todas as espécies 

da comunidade. 

Para entendermos porquê as três espécies congenéricas estudadas não competem dentro das 

mesmas manchas de habitat, nós observamos a variação das estratégias funcionais entre as espécies e 

como essas estratégias variam entre e dentro da mesma espécie em resposta à variação ambiental na 

parcela de floresta de restinga sazonalmente alagável. A tolerância às manchas sujeitas a alagamento 

pode ser mediada pelo coeficiente alométrico similar entre as três espécies estudadas, enquanto a 

ausência de competição entre as espécies pode ser explicada por diferentes atributos funcionais 

comumente associados a aquisição de recursos (principalmente área foliar, área foliar específica e 

densidade da madeira). Além disso, embora não tenhamos observado distinção na variação dos atributos 

entre a área de estudo e outras áreas de ocorrência, as espécies apresentaram plasticidade nas estratégias 

funcionais dentro da parcela, a qual poderia contribuir para a coexistência das espécies nas mesmas 

manchas de habitat. No entanto, os dois gráficos da PCA mostram que o ambiente varia mais do que os 

valores de uma dada característica. Ou seja, as espécies não respondem à totalidade da variação 

ambiental observada na área de estudo. 

Na parcela de 1ha estudada na floresta de restinga, a qual apresenta variação ambiental 

relacionada ao alagamento periódico, pudemos observar uma amplitude de resposta dos indivíduos das 

três espécies de Myrcia que nos permitiram inferir determinados processos ecológicos atuando sobre as 

populações. A partir dos nossos resultados, sugerimos que a coexistência das três espécies congenéricas 

estudadas é direcionada pela diferenciação de nicho como resultado de pressões seletivas de competição 

interespecífica passada. 



 
 

 
 

113 

Referências bibliográficas 

Brown, C., Burslem, D. F. R. P., Illian, J. B., Bao, L., Brockelman, W., Cao, M., Chang, L. W., Dattaraja, 

H. S., Davies, S., Gunatilleke, C. V. S., Gunatilleke, I. A. U. N., Huang, J., Kassim, A. R., Lafrankie, 

J. V., Lian, J., Lin, L., Ma, K., Mi, X., Nathalang, A., Noor, S., Ong, P., Sukumar, R., Su, S. H., Sun, 

I. F., Suresh, H. S., Tan, S., Thompson, J., Uriarte, M., Valencia, R., Yap, S. L., Ye, W., Law, R.  

(2013). Multispecies coexistence of trees in tropical forests: spatial signals of topographic niche 

differentiation increase with environmental heterogeneity. Proceedings of the Royal Society B: 

Biological Sciences, 280, 0502. 

Comita, L. S., Queenborough, S. A., Murphy, S. J., Eck, J. L., Xu, K., Krishnadas, M., Beckman, N., 

and Zhu, Y. (2014). Testing predictions of the Janzen-Connell hypothesis: A meta-analysis of 

experimental evidence for distance- and density-dependent seed and seedling survival. Journal of 

Ecology, 102, 845–856. doi:10.1111/1365-2745.12232 

Getzin, S., Dean, C., He, F., Trofymow, J. A., Wiegand, K., Wiegand, T. (2006). Spatial patterns and 

competition of tree species in a Douglas-fir chronosequence on Vancouver Island. Ecography, 29, 

671–682. 

He, F., Legendre, P., LaFrankie, J. V. (1996). Spatial Pattern of Diversity in a Tropical Rain Forest in 

Malaysia. Journal of Biogeography, 23, 57–74. 

Hofhansl, F., Chacón-Madrigal, E., Brännström, Å., Dieckmann, U., & Franklin, O. (2021). 

Mechanisms driving plant functional trait variation in a tropical forest. Ecology and Evolution, 

(December 2020), 1–15. doi:10.1002/ece3.7256 

Kraft, N. J., Valencia, R. & Ackerly, D. D. (2008) Functional traits and niche-based tree community 

assembly in an Amazonian forest. Science 322: 580-582 

Kraft, N. J. B., Adler, P. B., Godoy, O., James, E. C., Fuller, S., & Levine, J. M. (2015). Community 

assembly, coexistence and the environmental filtering metaphor. Functional Ecology, 29, 592–599. 

doi:10.1111/1365-2435.12345 

Losos, J. B. (2008). Phylogenetic niche conservatism, phylogenetic signal and the relationship between 

phylogenetic relatedness and ecological similarity among species. Ecology Letters, 11, 995–1003. 

Ribeiro, K. F. O., Martins, V. F., Wiegand, T., Santos, F. A. M. (2021). Habitat filtering drives the local 

distribution of congeneric species in a Brazilian white-sand flooded tropical forest. Ecology and 

Evolution, 11, 1797–1813. doi:10.1002/ece3.7169 

Wiegand, T., Huth, A., Getzin, S., Wang, X., Hao, Z., Gunatilleke, C.V.S., Gunatilleke, I.A.U.N. (2012). 

Testing the independent species’ arrangement assertion made by theories of stochastic geometry of 

biodiversity. Proceedings of the Royal Society B: Biological Sciences 279: 3312–3320. 

Wright, S.J. (2002). Plant diversity in tropical forests: a review of mechanisms of species coexistence. 

Oecologia 130: 1–14. 



 
 

 
 

114 

Yan, Y., Zhang, C., Wang, Y., Zhao, X., von Gadow, K. (2015). Drivers of seedling survival in a 

temperate forest and their relative importance at three stages of succession. Ecology and Evolution, 

1–13. 

Zhu, K., Woodall, C., Monteiro, J., Clark, J. (2015). Prevalence and strength of density-dependent tree 

recruitment. Ecology, 96(9), 2319–2327. doi:10.1890/14-1780.1.sm 

  



 
 

 
 

115 

Anexos 
 

Anexo 1. Cadastro no SISGEN 

 

  

Comprovante de Cadastro de Acesso
Cadastro nº A477A36

SISTEMA NACIONAL DE GESTÃO DO PATRIMÔNIO GENÉTICO E DO CONHECIMENTO TRADICIONAL ASSOCIADO

CONSELHO DE GESTÃO DO PATRIMÔNIO GENÉTICO

A atividade de acesso ao Patrimônio Genético, nos termos abaixo resumida, foi cadastrada no SisGen, 
em atendimento ao previsto na Lei nº 13.123/2015 e seus regulamentos.

Número do cadastro:

Usuário:

CPF/CNPJ:

Objeto do Acesso:

A477A36

UNICAMP

46.068.425/0001-33

Patrimônio Genético

Finalidade do Acesso:

Ministério do Meio Ambiente

Pesquisa Científica Bioprospecção Desenvolvimento Tecnológico

Impossibilidade de identificação

 Espécie

Título da Atividade: Estudos da diversidade biológica da Floresta Atlântica

FLAVIO ANTONIO MAES DOS SANTOS UNICAMP
Valéria Forni Martins UFSCar
Luciana Ferreira Alves UCLA
Leonardo Dias Meireles USP
Kelly Fernandes de Oliveira Ribeiro UNICAMP
Lucas Benedito Gonsales Rosa UFSCar
Mauricio Bonesso Sampaio Prefeitura de Maringá
Leon Vieira Amaral UNICAMP

 Equipe



 
 

 
 

116 

Anete Pereira de Souza UNICAMP
Talita Soares Reis UNICAMP

45.358.058/0001-40 / FUNDACAO UNIVERSIDADE FEDERAL DE SAO CARLOS

 Parceiras Nacionais

 Resultados Obtidos
Divulgação de resultados em meios científicos ou de comunicação
Identificação do meio onde foi 
divulgado:

Ecology and Evolution 5: 1919-1931 (2015)

Identificação do meio onde foi 
divulgado:

capítulo de livro: Fitossociologia no Brasil (2015)

Identificação do meio onde foi 
divulgado:

Resumo: 53rd Annual Meeting of the Association for Tropical Biology and Conservation (2016)

Identificação do meio onde foi 
divulgado:

Resumo: XII Congresso de Ecologia do Brasil (2015)

Identificação do meio onde foi 
divulgado:

Resumo: 5th Workshop of Seed Ecology (2016)

Identificação do meio onde foi 
divulgado:

Resumo: XXIV Congresso de Iniciação Científica da UNICAMP (2016)

Identificação do meio onde foi 
divulgado:

Resumo: XXIV Congresso de Iniciação Científica da UFSCar (2017)

Identificação do meio onde foi 
divulgado:

Resumo: XIII Congresso de Ecologia (2017)

Identificação do meio onde foi 
divulgado:

Oikos 127 (no prelo) (2018)

Identificação do meio onde foi 
divulgado:

Oecologia Australis 22 (no prelo) (2018)

Identificação do meio onde foi 
divulgado:

Tese de Doutorado UNICAMP (2015)

Identificação do meio onde foi 
divulgado:

Tese de Mestrado UNICAMP (2015)

Identificação do meio onde foi 
divulgado:

Painel Simpósio do Núcleo Picinguaba (2015)

Identificação do meio onde foi 
divulgado:

Applications in Plant Sciences 1 (11): 1300055 (2013)



 
 

 
 

117 

Identificação do meio onde foi 
divulgado:

9th Annual Meeting of the Association for Tropical Biology and Conservation. S05 P57

Identificação do meio onde foi 
divulgado:

Brazilian Journal of Botany, v. 42, p. 1-10, 2019

Identificação do meio onde foi 
divulgado:

62nd Annual Symposium of the Internation Association for Vegetation Science, 2019, Bremen. Abstracts, 2019. p. 113-113

Identificação do meio onde foi 
divulgado:

VI Semana dos Estudantes de Biologia da UFSCar campus Araras, 2018, Araras. Caderno de resumos, 2018. p. 4-4

Identificação do meio onde foi 
divulgado:

XXV Congresso de Iniciação Científica (CIC) e X Congresso de Iniciação em Desenvolvimento Tecnológico e Inovação (CIDTI) da UFSCar, 2018, Araras. [Araras] Resumos Aceitos, 2018

Identificação do meio onde foi 
divulgado:

Tese de mestrado UFSCar (2018)

Identificação do meio onde foi 
divulgado:

Tese de mestrado UNICAMP (2016)

Identificação do meio onde foi 
divulgado:

SCIENTIA PLENA, v. 14, p. 2018.052401, 2018

Identificação do meio onde foi 
divulgado:

GLOBAL ECOLOGY AND BIOGEOGRAPHY, v. 27, p. 760-786, 2018.

Identificação do meio onde foi 
divulgado:

II Encontro de Biomatemática, 2018, Campinas. Resumos. Campinas: UNICAMP, 2018. p. 20.

Identificação do meio onde foi 
divulgado:

• Muscarella, R, Emilio, T, Phillips, OL, et al. 2020. The global abundance of tree palms. Global Ecol Biogeogr.29: 1495–1514.

Identificação do meio onde foi 
divulgado:

Phillips, O.L.,...ForestPlots.net. Taking the pulse of Earth’s tropical forests using networks of highly distributed plots. Biological Conservation, 2020

Identificação do meio onde foi 
divulgado:

Kamimura, V. A. 2020. Diversidade e estrutura arbórea ao longo de um gradiente vertical de temperatura na Floresta Tropical Pluvial Atlântica. Tese de Doutorado. Instituto de Biociências, Rio Claro

Identificação do meio onde foi 
divulgado:

Costa, R.C. & Santos, F.A.M. 2020. Differences in architecture and performance between two sub-canopy congeneric tropical tree species. Biotropica 52 (3): 415-420.

Identificação do meio onde foi 
divulgado:

MAZINE, FIORELLA F. ; Meireles, Leonardo Dias ; SOBRAL, MARCOS ; VALDEMARIN, KARINNE SAMPAIO . New species of Eugenia (Myrtaceae) from São Paulo state, Brazil. Phytotaxa (on-line), v. 296, p. 265,2017

Identificação do meio onde foi 
divulgado:

Resumo: 64o Congresso Nacional de Botanica, 2013, Belo Horizonte. Anais do 64o Congresso Nacional de Botanica, 2013.

Identificação do meio onde foi 
divulgado:

Resumo: 11 th Intecol Congress, Ecology: Into the next 100 years, 2013, Londres. Intecol 2013: Into the Next 100 years, 2013.

Identificação do meio onde foi 
divulgado:

Martins, V.F.; Bispo, R.L.B. & Loiola, P.P. A case of gender equality: absence of sex-related costs in a dioecious tropical forest tree species. Plant Ecology 2021



 
 

 
 

118 

 

Identificação do meio onde foi 
divulgado:

Resumo: VIII SemeBio (Semana dos Estudantes de Biologia da Universidade Federal de São Carlos campus Araras), Araras, SP.  2020

Identificação do meio onde foi 
divulgado:

Resumo: VIII SemeBio (Semana dos Estudantes de Biologia da Universidade Federal de São Carlos campus Araras), Araras, SP. 2020

Identificação do meio onde foi 
divulgado:

Resumo: VIII SemeBio (Semana dos Estudantes de Biologia da Universidade Federal de São Carlos campus Araras), Araras, SP.  2020

Identificação do meio onde foi 
divulgado:

Ribeiro, K.F.O.; Martins, V.F.; Wiegand, T. & Santos, F.A.M. 2021. Habitat filtering drives the local distribution of congeneric species in a Brazilian white-sand flooded tropical forest. Ecology and Evolution 11: 1797-1813

Identificação do meio onde foi 
divulgado:

Martins, V.F.; Costa, R.C.; Virillo, C.B.; Wiegand, T. & Santos, F.A.M. 2021. Multiple ecological processes drive seedlings mortality and growth of five tropical tree species. Rabeco Virtual. Vídeo-pôster disponível em https://www.rabeco2021.com/sess%C3%A3o-p%C3%B4ster

Identificação do meio onde foi 
divulgado:

DE CAMPOS GORGULHO PADGURSCHI, MAÍRA; SOARES REIS, TALITA ; FERREIRA ALVES, LUCIANA ; APARECIDA VIEIRA, SIMONE ; ALFREDO JOLY, CARLOS . Outcomes of a native bamboo on biomass and carbon stocks of a neotropical biodiversity hotspot. ACTA OECOLOGICA-INTERNATIONAL JOURNAL OF ECOLOGY, v. 111, p. 103734, 2021.

Data do Cadastro: 11/06/2018 15:59:21

Situação do Cadastro: Concluído

Conselho de Gestão do Patrimônio Genético
Situação cadastral conforme consulta ao SisGen em 10:10 de 13/01/2022.



 
 

 
 

119 

Anexo 2. Declaração de direitos autorais 

 

 
Declaração  

 
 
 
 

As cópias de artigos de minha autoria ou de minha co-autoria, já publicados ou submetidos 
para publicação em revistas científicas ou anais de congressos sujeitos a arbitragem, que 
constam da minha Dissertação/Tese de Mestrado/Doutorado, intitulada Mecanismos de 
coexistência de três espécies congenéricas simpátricas em uma floresta tropical, 
não infringem os dispositivos da Lei n.° 9.610/98, nem o direito autoral de qualquer editora.  
 
 
 
 
Campinas, 14 de dezembro 2022         
 
 
 
Assinatura : __________________________________ 
Nome do(a) autor(a): Kelly Fernandes de Oliveira Ribeiro 
RG n.° 35720662-9 
 
 
 
 
Assinatura : __________________________________ 
Nome do(a) orientador(a):  Flavio Antonio Maës dos Santos 
RG n.° 57061935-X 
 
 


