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RESUMO

SILVA, Nathalia, M.Sc., Universidade Federal de Vigosa, abril de 20&kacdesno padréao
do trade-off crescimento-sobrevivéncia uma bacia tropical brasileiraOrientador: Jo&o
Augusto Alves Meira Neto.

Os tracos funcionais relacionados a estratégias ecologicas da dm@sigonservacao de
recursos refletem urtrade-offentre crescimento e sobrevivéncia e o estudo destas relacdes
lancam luz sobre como as plantas captam recursos e como respondebieadesfisico. Ha&
uma necessidade crescente de se conhecer a ecologia funcidetrd@nadas floras, para
apoiar medidas de restauracdo e conservagao, principalmente ers negidais. O objetivo

do primeiro capitulo deste trabalho foi compreender a relevancia da altura maxima das plant
como um proxy de crescimento e di@g;os funcionais associados como explicativosatie-

off crescimento-sobrevivéncia. O segundo capitulo buscou responder se o padade-o
crescimento-sobrevivéncia varia ao longo de gradientes clim&tifieos no nivel regional
na Mata Atlantica, e se os tracos funcionais tém seus nichos calusefilageneticamente.
Com estes objetivos, o estudo foi desenvolvido com a flora lenhosa da Bacia docRio D
(BRD), regiao de larga escala representativa da biodiversidade dati@atiseado sudeste
brasileiro, totalizando 1.912 espécies em 79 pontos amostrais da bacecddguncionais
coletados foram a altura maxima, o comprimenttaegaradas folhas, dos peciolos, dos frutos
e da semente, além da sindrome de dispersdo das espécies. J&s @am&iblveram modelos
lineares generalizados e suas extensdes mistas, com postegao sk modelos significativos

e o calculo de sinal filogenético, todas realizadas no ambientestistaR. Os resultados do
capitulo 1 demonstram que a varidvel altura maxima provou sepraxy confiavel do
crescimento das plantas lenhosas, e dtede-offcrescimento-sobrevivéncia exibe um padrao
consideravel através dos tracos funcionais utilizados, apresentando acsatercsticas
aquisitivas arvores maiores com folhas e peciolos maiores e comeidatiaa conservativa
sementemaislargas. O segundo capitulo indicou processos de filtragdnental atuandem
larga escala nas comunidades vegetais da bacia, interferindo nos valdragsaofincionais

e no padrao dtrade-offcrescimento-sobrevivéncia, que vaa@ongo dos gradientes hidrico,
térmico e altitudinal. O gradiente hidrico apresenta padrao vegetanservativo, com folhas

e peciolos menores, enquanto o padrdo reprodutivo é aquisitivo, com frutosemrtese
pequenos a medidanque a precipitacdo horizontal aumewta.contrario, o gradiente térmico

indicaum padrédo vegetativo aquisitivo, com folhas e peciolos maiorespadi@o reprodutivo



conservativo, com frutos e sementes grandes. O gradiente altitudinal eegadriao de
umidade. Os estresses cronicos relacionados com as mudancas kiddoascas com a
variacao da altitude podem influenciar os intervalos de estabereoiohs plantas, tornando a
estratégia reprodutiva aquisitiva e a conservacao de agua pelasriaisdavoraveis nessas
condi¢des. A temperatura mais elevada pode favorecer a estratégimtietioasaquisitiva
devido a area maior disponivel para trocas de calor e a competitiedémerancia em
ambientes sombreados, com assisténcia de suporte mecéanico de pegimies. Este estudo
confirma que otrade-off entre a rapida aquisicdo e conservagdo de recursos em florestas
tropicais governa a coexisténcia entre diversas estratégias ec®légiE operam
independentemente nos diferentes niveis da planta, representados agmaetwmtdos érgaos
relacionados a fotossintese, suporte hidraulico e reproducéo, promovendo a difevereiac
nicho nessas comunidades. O estudo da flora lenhosa completa da BRDirdpamante
adicdo a compreenséo da ecologia funcional da regido, promovendo uma baberpagens

maisprecisas para entender as funcdes e servicos ecossistémicos da maia atlanti

Palavras-chaveTrade-offecoldgico. Filtragem ambiental. Regras de montagem. Estratégias

ecoldgicas. Mata atlantica.



ABSTRACT

SILVA, Nathalia, M.Sc., Universidade Federal de Vigcosa, April, 2G2kngesin the pattern
of the growth-survival trade-off in a brazilian tropical basin. Advisor: Jodo Augusto Alves
Meira Neto.

The functional traits related to ecological strategies for the atiqnisind conservation of
resources reflect a trade-off between growth and survival and the study ofella¢isaships
highlights how plants capture resources and how they respond to the phygicahraent.
There is a rising need to know the functional ecology of certain florasipioort restoration
and conservation measures, especially in tropical regions. The objectineefwét chapter of
this study was to understand the relevance of the maximum height piatite as a growth
proxy and the associated functional traits as explanations of the growth-survival trade-off. The
second chapter attempted to answer whether the pattern of the growth-survival tradesoff varie
across climatic and physical gradients at the regional leveéiAtlantic Forest, and whether
the functional traits have their niches conserved phylogenetitalyhese purposes, the study
was carried out with the woody flora of the Rio Doce Basin (RDB), a largle-segion
representative of the Atlantic Forest biodiversity of southeastern Braallngptl.912 species

in 79 sampling points in the basin. The functional traits collectad e maximum height,
the length and width of the leaves, petioles, fruits and simealdditionto the species dispersion
syndrome. The analyzes involved generalized linear models and their migediens, with
subsequent selection of significant models and the calculation of the phgficgggnal, all
performed in the R statistical environment. The results of the first chapter demonstrétte tha
maximum height variable proved to be a reliable proxy for the growth of woladys, and
that the growth-survival trade-off exhibits a considerable pattern through tt@hah traits
used, presenting larger trees with larger leaves and petioles astaealsaracteristics and
larger seeds as a conservative characteristic. The second chaptateth@invironmental
filtering processes operating on a large scale in the basin's plant caresyumierfering with

the values of the functional traits and the pattern of the growth-survival tradehafh varies
along the hydric, thermal and altitudinal gradients. The hydric gradient (g@seohservative
vegetative pattern, with smaller leaves and petioles, whilerépeoductive patterns
acquisitive, with small fruits and seedisthe horizontal precipitation increas@nthe contrary,

the thermal gradient indicatas acquisitive vegetative pattern, with larger leaves and petioles,

and a conservative reproductive pattern, with large fruits and seleelslfitudinal gradient



followed the humidity pattern. Chronic stresses related to water andahehanges with
altitude variation can influence plant establishment intervals, making the reproductive
acquisition strategy and leaf water conservation more favoratiiese conditions. The higher
temperature can favor the acquisitive photosynthetic strategy dbe targer area available
for heat exchanges and the competitiveness and toleranskaded environments, with
assistance from mechanical support of larger petioles. This study confirnteeheade -off
between the rapid acquisition and conservation of resources in tropicstisfgm/erns the
coexistence between several ecological strategies that operate indelpaatagfierent levels
of the plant, represented here by the size of the organs related to photosyhyiaesidic
support and reproduction, promoting niche differentiation in these communities.u@igeot
the complete woody flora of RDB animportant additiorto the functional ecology knowledge
of the region, promoting a basis for more accurate approaches to understand ytsm@cos

functions and services of the Atlantic forest.

Keywords: Ecological trade-off. Environmental filtration. Assembly rul&sological
strategies. Atlantic forest.



SUMARIO

INTRODUGAO GERAL ..ottt ettt sttt ees et sateeneeesaaneanans 10

REFERENCIAS ..ottt ettt ettt te et e et et e e et e eaeate e e e etesteateaneaseesteeeeereaneeneens 12

CHAPTER 1: THE GROWTH-SURVIVAL TRADE-OFF IN A BRAZILIAN

TROPICAL BASIN .....oeivi ittt ettt e sts et et e e e areste st e ste e areseeare e 15......

Ry =16 | TR 15

ABSTRACT ..ottt ettt ettt et e et et e e et e et e et et e st e st et e et e et et ese et s stesteste et eseeneereeteseeeeeeanis 16
1 INTRODUCTION ....ooiiiieeiiiee ettt et e ettt ete et te et eee s et eseete s ate s ateeseseesereeaeneeennens 17
2 MATERIALS AND METHODS .....oovieiiiiieceeee ettt enn e 20
B RESULTS oottt ettt ettt a s et ee st e e st e s st e s nte et eteetennenennaaens 23
4 DISCUSSION ... .ocuiiiiiiieete ettt eee et te et e ettt et e et e st et et ete et e eteete e esseteatesteseeseaneareseesees 25
ST o0 N [o1 I U L] (0] AT 27
B REFERENCES ..ottt ittt ettt ettt a et et s et st essae s et et ateenatesaanesaanneanenas 28

CHAPTER 2: ENVIRONMENTAL FILTERS CHANGE THE PATTERNS OF
TRAITS RELATED TO THE GROWTH-SURVIVAL TRADE-OFF IN A

NEOTROPICAL REGION ..ottt 33....

RESUMO ..ottt e e e e e e et 33

AB ST RACT e 35
1 INTRODUCTION ..o 37
2 MATERIALS AND METHODS ... e 40
3 RESULT S e 46
A DISCUSSION ... e e e e e ettt e e e e e a e e e e e e e 47
O CONGCLUSION ..ottt e e s e s e e e e e e e e e e e e e nernnane 56
6 REFERENGCES ... o ettt e e e e e e e e 57
T APPENDIX | 66



10

INTRODUCAO GERAL

A teoria de nicho prediz quesdiferencas de tracos funcionais entre espécies norteiam
as especializacdes em diferentes nichos, permitindo a coekstiasc plantas (BLUNDO;
MALIZIA; GONZALEZ-ESPINOSA, 2015; MARACAHIPES:tal., 2018 MEIRA-NETO et
al., 2019; NEGREIROStal., 2016; STERClketal., 2011)Uma forma de compreender melhor
comoasespécies coexistem e lidam com pressdes ambientais € divaastado das estratégias
ecoldgicas ligadas a tracos funcionais relacionagosuso de recursos pelas plantas
(MARACAHIPES et al., 2018; MCGILL et al., 2006; STERCK et al., 2011). Nessexiont
os tracos funcionais sdo definidos com® caracteristicas mensuraveis morfolégicas ou
fisiologicas que governam a performance de um organismo (MCGILL et al., 2006; STERC
etal., 2011).

Existe um consenso crescente de que a abordagem que foca na diversidads de tra
funcionais,em vez do numero de espéciem si, determina fortemente a montagem de
comunidades e o funcionamento do ecossistema, pois concentra-seacterisiicas que
definem como 0s organismos interagem com seus ambientes fisicos,oquéntimldgicos
circundantes (DIAZ; CABIDO, 2001; NOCK; VOGT; BEISNER, 2016). Ainda existem
lacunas no entendimento das rela¢des entre tragos, mecanismos de coexist@riantoes
sobrevivéncia das plantas, por isso, a juncdo dessas abordagens é umapnoamssara de
obter uma visdo abrangente e completa dos vinculos entra a diversidatbntde e os
processos do ecossistema e de contribuir para o gerenciamento pratimosedevacdo da
diversidade e dos servigos ecossistémicos (DIAZ; CABIDO, 2001; STERCK, @0al).

Além disso, a recente possibilidade de construcdo de extensos bancos de dados sobre 0s traco
funcionais de floras regionais completas, incluindo a disponibilidad€alenacdes precisas

sobre 0 meio abidtico, permite a exploracdo de amplos padrées, eas esckl vez maiores,
fornecendo novas perspectivas para a ecologia funcional (DIAZ; CABIDO; CASASOVE
1998; LEUSCHNER; MEIER, 2018; NOCK; VOGT; BEISNER, 2016).

Através da premissa de que as espécies usam diferenteggiestratdlogicas ao
adquirir e conservar recursos (MONTEIRO et al., 2017), o gradiente entreesiragégia
ecoldgica e outra origina diferentes arranjos funcionais que podem indideadeyoffentre
crescimento e sobrevivéncia das plantas (MARACAHIPES et al., 2018; MEIRA-NETO et al.,
2019, p.; STERCKet al., 2011). Otrade-off crescimento-sobrevivénciggrowth-survival
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trade-off) é importante e considerado onipresente, ¢ pode ajudar a explicar grande parte da
variagdo ecoldgica entre as espéecies (ATKINSON, 2008). Ha evidéncidstemes de que
caracteristicas vegetativas e reprodutivas contribuem paraade-off crescimento-
sobrevivéncia a nivel de comunidade (HAN et al., 2019; MEIRA-NETO et al., 2019, p.), mas
se faz necessario compreender esse fendbnmmoescalas espaciais maioresn nivel
interespecifico, com um maior numero amostral e utilizando uma variedaide tracos
funcionais chave (MARACAHIPERt al., 2018).Em escalas maiores de investigacdo €
possivel analisar a paisagem ao longo de variagcdes ambientais, ajudangmeender mais
facilmente como as espécies mudam e sdo afetadas pelo ambiere QABIDO, 2001;
MCGILL et al., 2006). Além disso, a grande escala espacial ultrapassa possivergintiaige
de mecanismos de diferenciagéo de nicho que operam em escalas hoemeoes exclusao

competitiva, a imigragdoasflutuagdes locais dgbundancia (D’ANDREA etal., 2020).

Associacdes consistentes e previsiveis entre tracos funcionais edesraligoticas
gue podem levar a uma filtragem ambiental remetem a muito tempo no estldgico e se
mantém um direcionamento de pesquisa importante (DIAZ; CABIDO; CASANOVEIR;
LEUSCHNER; MEIER, 2018MAO et al.,, 2020; OLIVEIRA-FILHO; FONTES, 2000).
Quando um fator ambiental varidvel afeta uma caracteristica mais gaeaotrrelacdo entre
dois tracos funcionais também tende a mudar entre os ambielézarsoegradientde selecao,
visto que odrade-offssdo oriundos da histéria evolutiva das espécies (STEARNS, 1989).
Gradientes de altitude podem ser Uteis na exploragdo de padrées de biodirersiia
representam uma mudanca ambiental considea@aNehgo de distancias geograficas passiveis
de serem analisadas, e funcionam como filtros ambientais indiretitantlo a ocorréncia das
espécies por fatores associados (e.g. temperatura, pluviosidade, radiacadcondicdes
edéaficas) (KORNER, 2007; NERI et al., 2017).

As interacdes entre estratégias ecoldgicas e processos evdiamnasm devem ser
levadas em consideracdo para entender os padrdes encontrados naturaliwge de
gradientes ambientais (DAKGSal., 2019)Osfatores abibticos podem funcionar como filtros
ambientais causadorede agrupamento filogenético nas comunidadesy caso de
conservantismo de nicho, ou seja, quando caracteres funcionais determinanté® @i
predominantemente conservados nas linhagens filogenéticas (GASTAUHRAMEETO,
2014; SOBRAL; CIANCIARUSO, 2012). O sinal filogenético é util para explograucao

de tracos funcionaiao longo de gradientes ambientais e pode sugerir que alguns processos
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ecoldgicos samaisplausiveis do que outros, ajudando a prever o funcionamento ecogsistém
e mudancas em resposta a alteracdes ambientais (HELMUS26118l; KNAPP et al., 2008;
PERES, 2016XU et al., 2017).0s tracos funcionais vegetativos e reprodutivos, como
carmacteristicas ecoldgicas hereditarias, podem ser predominanteroemservados ou

predominantemente convergentes nas linhagens filogenéticas de comunidades.

Tendo em vista a importancia da Mata Atlantiasa biodiversidade altamente
heterogénea e endémica que abriga e a falta de estudos queel@veansideracao a
diversidade funcional de tragos foliares e reprodutivos em conjunto, principakneidteas
tropicais e em escalas espaciais maiores (DIAZ; CABIDO, 2001; ESPIN et al., 2016;
MYERS et al.,, 2000; OLIVEIRA-FILHO; FONTES, 2000; STERCHt al., 2011), esse
trabalho pode contribuir significantemente com dados empiricos que apsiemdidas

regionaisde recuperacao e conservacao das florestas atlanticas.

Esta dissertacdoi divididaemdois capitulos com o objetivo de entender a relevancia
dos tragos vegetativos e reprodutivos na sepadegdichos e na estruturacdo de comunidades
Atlanticas e nas variagfes di@de-off crescimento-sobrevivéncia ao longo dos gradientes
ambientais de uma bacia geografica atlantica, gerando avancos tedripgicosna
abordagem da ecologia funcional. O primeiro capitulo teve como hipétepeede altura
maxima é explicada pelos tamanhos das folhas, peciolos, frutos e seepest®m, pode ser
usada com@roxy (uma variavel representante) do crescimento das plantas em nivel regional
na Mata Atlantica. O segundo capitulo tem como hipéteses que (1) a me€ida condigdes
climaticas se tornam mais severas com o aumento da altitedtraségia conservativa de
recursos € favorecida, enquanto que, com a reducédo da altitude, aumasTtgeiatura e
outras condi¢des associadas, a estratégia de aquisicao é taaeri€2) diferentes posicdes
do gradiente ambiental geram comunidades filogeneticamente agrupada® devi
conservantismo filogenético de nicho de caracteristicas funcionaistaaAtantica. Os dois
capitulos foram escritaaninglés e estruturad@sn padréo de artigo cientifico, com o objetivo

de facilitar posteriores submissdes a publicacdes.
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CHAPTER 1: THE GROWTH-SURVIVAL TRADE- OFF IN A BRAZILIAN
TROPICAL BASIN

RESUMO - Publicadono 40° ERBOT™.

A procura por tragos funcionais relevantes tee-off crescimento-sobrevivéncia (CS) é
essencial para a compreensao dos processos de montagem das comunigkdeasdeO
objetivo deste trabalho foi identificar os principais tragos fungon@terminates das
estratégias ecologicas degsade-off entre a aquisicdo e conservagcdo de recursos em nivel
regional nas comunidades tropicais atlanticas da Bacia do Rio Doce (BR3)gue enfrenta
severos e recentes desastres ambientais, a fim de gerar infoisnagé@cologia funcional
para fins de conservacédo e restauragao na regiao. Os tracos funcionamgaselgiidosas
altura maxima (Hmax), comprimento e largura da folha (FLC e FLL), diolpgPC e PL)do
fruto (FC e FL) elasemente (SC e Sk)foram coletadosmliteratura especializada e herbarios
virtuais (REFLORA, SpeciesLink). Foram realizados dois modelos linggmesralizados
mistos (GLMM) (o 1° com 895 espécies com todos os dados completos e 0 2°%ddn
espécies, apenas com tracos foliares completos) e posterior sidegadelos, usando Hmax
como variavel resposta e o0s outros tracos funcionais como variaveis expamdtdGLMM

1, PC e SL foram significativos e positivamente correlacionados com Hoa®LNM 2,
FLC, PC e PL foram significativos, com FLC €&C positivamente €L negativamente
correlacionado com Hmasprincipais determinantes d@ade-offCSnaBRD foram PC, PL,
FLC e SL, resultado que é congruente com a literatura da Mata édl@nti escalas menores.
Hmax provou ser um proxy confiawd crescimento das plantasrambos os modeloBCfoi

a Unica variavel significativa em ambos os modelos globais, apreses&mdoio um traco
altamente explicativo para o crescimento de plantas na Madéatiéa, um resultado
inesperado, visto que esse traco funcional é raramente medithndéea isolada. Plantas mais
altasforam associadas a folhas maiores e peciolos mais longos e estreitos, Gegtaégia
aquisitiva, e com sementes mais largas, caracteristica rdéégist conservativa, sugerindo
evolucdes independentes de caracteres, permitindo a coerigtéinersificacadeestratégias
ecoldgicas governadas pdlade-off CS. Estudos futuros devem focar no contexto abiético,
nas relacdes filogenéticas e nas variacdes intraespecificasados funcionais, a fim de

complementar o conhecimento sobre a diversidade funcional regional.
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ABSTRACT

The search for functional traits relevant to the growth-survival (GS) trads-efisential for
understanding the assembly processes of plant communities. The olpéthigestudy waso
identify the main functional traits that determine the ecologicategfies of this trade-off
between the acquisition and conservation of resources at the regionahl¢vel Atlantic
tropical communities of the Rio Doce Basin (RDB), a basin that facesesand recent
environmental disastersn order to generate information on functional ecolodgr
conservation and restoration purposes in the region. The functional traits of plaatly -
maximum height (Hmx), leaf length and width (LL and LW), petiole (PL and, P\w} (FL
and FW) and seed (SL and SW) - were collettespecialized literature and virtual herbariums
(REFLORA, SpeciesLink). Two generalized linear mixed models (GLMM) weréormed
(the 1st with 895 species with all complete data and the 2nd with 1p@tiRs, only with
complete leaf traits) and subsequent model selection, using Hmx aspbeseesariable and
the other functional traits as explanatory variables. In GLMM 1, PL andvBW significant
and positively correlated with Hmx. In GLMM 2, LL, PL and PW were digant, with LL
and PL positively and PW negatively correlated with Hmx. The maermétants of the GS
trade-off at RDB were PL, PW, LL and SW, a result that is congruent vetAttAntic Forest
literature on smaller scales. Hmx provedbe a reliable proxfor plant growthn both models.
PL was the only significant variable in both global models, presentiachaghly explanatory
trait for plant growth in the Atlantic Forest, an unexpected resulie $img functional isolated
trait is rarely measured. Taller plants were associated witlerldegves and longer and
narrower petioles, suggesting an acquisitive strategy, and with larger demdsiteristic of a
conservative strategy, suggesting independent evolution of charalitering the coexistence

and diversification of ecological strategies governed byatB&rade-off. Future studies should
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focus on the abiotic context, on phylogenetic relationships and on intifaspadations of
functional traits, in order to complement knowledge about regional functional diversi

Keywords: ecological strategies, functional ecology, assembly rules, fundtaitea

1 INTRODUCTION

Understanding how species coexist through different ecological strategi@isseam
challenge in ecology. Inherent differences and correlations in a variety diohaictraits,
within certain limits, represent these strategies and determargpétializations of species in
different niches (Stearns 1989; Steetkl. 2006; Muller-Landau 2010; Sterekal. 2011; Diaz
et al. 2016). The study of ecological strategies linked to functional tréateddo the use of
resources by plants has proved to be promising (Mcgill et al. 2006; Sterdk 2614;
Maracahipes et al. 2018), since the combination of these traits sepribe plant balance

between the challenges of growth, survival and reproduction (Diaz et al. 2016).

Two strategies that have been investigated are the acquisitivespieati have fast
acquisition of resources and consequently fast growth; and conservative spécibghv
resource conservation rates, survival, and stress tolerance (Diaz et alAR0d@hn 2008;
Stercketal. 2011). Given that environments vanyquantity of resources and a combination of
favorable traits in one environment doesn’t necessarily lead to success in another (Garnier et
al. 2016), the different functional designs of tft-slow continuum’ may reflect trade-off$n
resource allocation, between plant growth and survival (Sterck et al. 2006saxtka908;
Sterck et al. 2011; Garnier et al. 2016).

The growth-survival trade-off can explain much of the ecological variatiorthend
coexistence between species (Giacomini 2007; Atkinson 2008; Mulleraua2@il0), as it is
likely to be widely applied to different floras, environments, and formsefdind it is also
independent of geographic location (Detal. 2004). Dudo the possibility of compiling large
databases, collecting different and numerous functional traitsnahgzang them with the most
diverse statistical methods, the discussion around this concept ewdrtfirmation of this
ecological conflict have raised the ecological literaturie recent decadeas the most diverse
ways (Garnieetal. 2016),from the study of tree speciastropical forests (Stercétal. 2006;
Wright et al. 2010; Sterck et al. 2011; Meira-Neto et al. 2019), subtropical forests (Han et al.

2019), cerrados (savannah ecosystem) (Maracalipals 2018), shrub specida campos
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rupestres (Negreiros et al. 2016), monocarpic species (Metcalf et al. 2006), lewveh of
comparisons between continents (Diaz et al. 2004) and globally (Diaz et al. 2016).

There is evidence that vegetative and reproductive characteristics ofquatrtsute
to the growth-survival trade-off, presenting relatively constant genettgrms Tall plants,
large leaves and small diaspores are generally related toghisitive strategy, while smaller
plants, small leaves, and large diaspores tend to be associatdbendtbnservative strategy
(Diaz et al. 2004; Muller-Landau 2010; Sterck et al. 2011; Adler @044; Diaz et al. 2016;
Maracahipes et al. 2018; Han et al. 2019; Meira-Neto et al. 2019). However, in studies with
different life forms, habitats and spatial scales, the wide rangeitsftinat can be measured
have different degrees of relevance. Thus, it is necessary to understandatibasteps
between the functional traits, in order to understand the variations inxpinessions and
patterns of the ecological strategies of the growth-survival trade-off irenemonments and
spatial scales (Giacomini 2007; Maracahipes et al. 2018).

There are three dimensions of key functional traits that capturedeeae of the shape
and function of the plant, contributing to the growth-survival trade-off at diffeseales: a
dimension of fertility, indicating the allocation of resources for reproductionmardiion of
competitive ability, indicating the allocation of resources for the growthaasichension of
resources acquisition, indicating the allocafimnthe construction of photosynthetic structures
for interception of light (Westoby et al. 2002; Garnier et al. 2016; Diak 2046). Within
these dimensions, there are useful morphological traits, which vary considbedviyen
species, are easily measured on continuous scalesaapredict the links between functional
traits and ecological strategies, enabling their use in a wide chmg®logical research (Diaz
etal. 2004; Mcgill et al. 2006; Adler et al. 2014).

Pertinent examples of functional traits applicable to the growth-sirenological
strategies are the measures of plant height, leaf size, fruit sizegehdize (Diaz et al. 2004,
Adler et al. 2014). The maximum height is a key quantitative traitl @as a proxy for the
variation of the general size of the plant, and corresponds to the orgabistysacapture
light resources and disperse diaspores, indicating competitive alpititgarbon acquisitiom
addition to being correlated with attributes involved in the most diversédoe®f the plant
(Westoby et al. 2002; Garnier et al. 2016; Diaz et al. 2016; Hodgson et al. 2017). The leaf size
is a basic leaf trait that can be divided between the dimensions of the leafbththe petiole
(Pasini & Mirjalili 2006; Niinemets et al. 2006; Garnier et al. 2016).s€heaits are related to

the acquisition and efficiendp the useof energy and the hydraulic balance of the plant, and
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contribute strongly to differences in the performance and carbon economy of the organisms
(Westobyetal. 2002; Navarr@tal. 2010; Pérez-Harguindegeyal. 2013; Garnieetal. 2016).

Fruit size is a trait consistently related to seed sizebattutraits are associated with fertility,
dispersion, reproductive success, and tolerance to plant stress (Almetd&tNsdt 2008;
Muller-Landau 2010; Lonnberg & Eriksson 2013).

In general, taller plants are related to large leaves, witheyriestf area available for
photosynthetic processes, presenting higher growth rates (Sterck et al. 201ét &ri2@14;
Diaz et al. 2016; Meira-Neto et al. 2019). Higher plants also positively correlate with large
seeds, a design that allows quick acquisition of resources on the one hand, and conservation of
resources within protected tissues on the other (Diaz et al. 2004; Prado JUniorTAEL6).
apparent lack of coordination of plant traits suggests that the tradelaffgeréo ecological
strategies operate independently on different plant organs (Wright2&0dl, Baraloto et al.
2010; Silva et al. 2015). Despite this, there is no consensus on thetiatedd strategies for
the acquisition and conservation of resources at the level of the entiregoldriew studies
have investigated this relationship (Wright et al. 2004; Nascim20i®). Baraloto et al.
(2010),Silvaetal. (2015)andMeira-Neto etal. (2019)foundindependent strategiesdifferent
stemeafand reproductive organs of Amazon and Atlantic plants, Villela Rivaetal. (2016)
found a high degree of functional coordination between leaf, stem and naitg of
Mediterranean species at the community level, making it necessarglyaeathe relationship
between the different traits on larger scalesbtain solid conclusions about how the trade-off

in the continuum of acquisitive-conservative traits works.

The search for which traits of the Atlantic Forest speeiaslarge global hotspet
contribute to the growth-survival trade-off, the relationships and the meclsainigoived, is
essential to expand the knowledge of the processes that drive thdisapzraiches and the
assembly of communities of this biome, since the acquisition of resamdethe growth of
plants are essential factors for crucial functions of the ecosystehtgam contribute to the
practical management of the conservation of diversity more accuratetgl St al. 2011,
Maracahipes et al. 201Beira-Neto et al. 2019; Vitoria et al. 2019).

In view of the importance of the Atlantic Forest in the highly heterogenaodis
endemic biodiversity that it has and the lack of studies that analyzévdrsity of vegetative
and reproductive traits together, especially in tropical areas and atdpeged scales (Myers
etal. 2000; Oaz & Cabido 2001; Stercktal. 2011; Espindol&tal. 2016), this studgimedto
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understand the relevance of vegetative and reproductiveitr#ies separation of niches aimd
the assemblage of Atlantic communities in a hydrographic basin, gagetfa¢oretical and
practical advances in the approach of functional ecology. This chaptdrenhgpiothesis that
the maximum heighi explained by the sizes of leaves, petioles, fruits and seedhiasngan

be used as a proxgr the growth of plants at the regional level in the Atlantic Forest.

2 MATERIALS AND METHODS

a. Study area

The Rio Doce Basin (RDB) (Figure 1) is in southeastern Brazil, covering an area of
86,715 kmin the states of Minas Gerais (86%) and Espirito S@dt#%),thus being a basin of
the federal domain (Coelho 2009; IGAM 20ENA 2016). The RDBs inserted minimallyn
the Cerrado biomg9%)in the extreme west while its almost totality (98%ovithin the limits
of a large global hotspot, the Atlantic Forest (Myatral. 2000; IGAM 2010; Pirestal. 2017),
with a considerable species richness of this domain. Over centuriegegradation,
deforestation, and urbanization, the RDB has lost more than 71% of the coveragmatbfets
vegetation and, recently, was the main victim of the worst enveatahdisastein the history
of Brazil (Oliveira-Filho & Fontes 2000; ANA 2016; Meira et al. 2016; Espindold. €016;
Piresetal. 2017). The landscape in the basin is a mosaic with a high altitudinaloariatch
results in several geomorphological patterns (Figure 1) (ANA 2016). The clisnttsical
with average temperatures between 18 and 24.6°C. Two fluviometric periods are well marked,
with precipitation rangingrom 800 to 1,300nm in the rainy season, afiebm 150to 250mm
in the dry season (IGAM 2010).

b. Floristic data set

Floristic data were obtained from the NeoTropTree database, whiclstsasfliree
species from the Neotropics (Oliveira-Filho 2017). The correct namesyandysns were
verified on the Flora do Brasil 2020 website (BFG 2018). Species without exsiccates available
for conference at online herbariums or at the Herbarium of the Fedexadr&ityi of Vigcosa
(VIC), as well as species of Cactaceae with cladodes, were removeth&amatabase. The
final species list contains 1.912 woody species from different physiognomiles Aflantic
forest, belongingo 106 families of angiosperms, gymnosperms and arborescent pteridophytes,

distributed in 79 sampling points in the RDB (Figure 1).
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c. Functional traits

The RDB plant species had the following traits collected at tegspecific level:
maximum plant height (Hmaig meters), seed length (SL), seed width (SW), fruit length (FL),
fruit width (FW), leaf blade length (LL), leaf blade width (LW), petiole length (PL) patole
width (PW), all in millimeters.

Figurel. Altimetry and locatiorof the79 points studiedn the Rio Doce BasirMG — Minas geraisES
— Espirito Santo. Data: WGH! (Adapted from Oliveira-Junicet al. 2020).

The maximum height of all the 1.912 species was obtained through descrgtton d
and observations in the reports generated by consulting the Reflora virtual her{@FGm
2018). The leaves also had the traits collected for all 1.912 speciegalliee were obtained
and their average calculated by consulting a minimum of two herbasp@cimens
(measurement of five fully expanded leaves in each exsiccata, (td@lisgmples, according
to the protocol for minimum repetition of leaf traits by Cornelissen et al. (208),some
exceptions for rare species that only the type exsiccata was foundgssgtthan 10 suitable
leaves). In these cases, the average was calculated based on thermpassible number of
suitable leaves of the exsiccate. The consultation was catriersing the SpeciesLink System,
using the exsiccatae tool with calibration and Reflora virtual herbariuimyefined searches
for the locations of Minas Gerais and Espirito Santo (BFG 2018; INCT 2020).
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Information about fruits and seeds was obtafioe@95 speciesn several specialized
sources, sucasbooks (Lorenzi 1992; Lorenzi 1998; Lorenzi 2011), specialized websites (Flora
Brasiliensis - http://florabrasiliensis.cria.org.br/, Userful Tropical nRla database -
http://tropical.theferns.info/, CNCFlora - http://cncflora.jbrj.gov.br/portal and others
herbariums (e.g. Herbario VIC, SpeciesLink, Reflora), scientific papers on takxonom
treatment, thesis, and dissertations (e.g. Pereira et al. 2006; Silaali€2606; Pirani 2006;
Martins et al. 2009; Santos 2013; Reginato & Goldenberg 2018).

d. Generalized linear mixed models

Generalized mixed linear models (GLMMyere performedin the statistical
environment R (R Core Team 2020), using the Ime4 package with the ‘Imeidriutactit a
mixed effect model to the data, using the variable ‘family’ (fam) as ranfieah, since leaf
size andts parts have a phylogenetic background, witi@hbe exemplified by the leaf size of
plants of the Arecaceae family (palm trees). This procedure minimzesséle effect on the
response variables (i.e. phylogenetic dependence; Herrera 2002; KleimarsgeA 2007).
The MuMIn package with the 'dredge’ function was used to select masiely maximum
height combinations with the terms of the global models. All varididestheir values log-

transformed to reduce the effect of outliers.

Global model 1 was calculated using all the 8 functional traitssuned for 895
species as fixed effects, while global model 2 was calculated usynghen leaf functional
traitsfor 1912 specieasfixed effects.

Global model 1  Imer(Hmax ~LL + LW +PL+PW+SL + SW+ FL +

FW + (1 | fam))
Global model 2 Imer(Hmax ~LL + LW +PL + PW + (1 | fam))

To select the model that best explained the variation in maximum hewglsedbnd-
order Akaike information criterion (AlCc) was used, and all models wAICc less or equal
to 2 were considered parsimonious. When more than one model was sdlextaderage
parameters of the models and standard errors were calculated using thevmgodection of
the MuMIn package, showing the significance values for each explanatory variable. There was
no need to limit the number of explanatory variables to avoid overfittioguise of the large
number of species, but for the construction of global models only explanat@ylea with a

correlation less than 0.6 between them were used (https://github.com/rojaff/dnejige
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3 RESULTS

In the analysis of the global model 1, with 895 species, using Hmax essffense
variable, five models AAICc < 2) were selected with all functional traits as explaining
variables, but fruit width, with weights between 0.045 and 0.094 (Table 1). Inghisttere
all functional characteristics were useskexplanatory variables, only two were significant: the
petiole length (PL) and the seed width (SW), positively correlatddthe maximum height of
the plant (Table 1; figure 2).

In the analysis of the global model 2, with 1.912 species, using Hmag eespionse
variable, two GLMM QAAICc < 2) were found, with weights of 0.716 and 0.283 (Table 1). In
this test with the four leaf functional characteristics as explanatamables, three were
significant: leaf length (LL), petiole length (PL) and petiole Wi(RW), which, unlike the other
variables, was correlated negatively with the maximum height. Only ahevidth (LW) was

not significant (Table 1; figure 3).

Tablel. Generalized linear mixed models.

Model (Intrc) FL FW LL LW PL PW SL SW df logLik AlCc delta weight
code
Model 1
181 0.6630 0.11140 0.09987 -0.11710 0.1616 7 -79.838 173.8 0.00 0.094
189 0.6667 0.15040 -0.061660 0.11630 -0.10740 0.1630 8 -79.384 1749 1.13 0.054
245 0.6570 0.10730 0.10110 -0.11680 0.04365 0.1239 8 -79.419 1750 1.20 0.052
177 0.8460 0.12720 -0.06497 0.1685 6 -81.563 1752 1.42 0.046
145 0.8548 0.10910 0.1645 5 -82.608 1753 1.48 0.045
p <2el6 0.98242 0.29637 0.74544 0.00072 0.16805 <12§—
Model 2
14 0.4700 0.2321 0.10430 -0.15370 6 -324.354 660.8 0.00 0.716
16 0.4723 0.2441 -0.01923 0.10870 -0.14990 7 -324.276 662.6 1.86 0.283
p <2el6 6.00e07 0.841 3.57e05 8.18e05

Note: Log-transformed explanatory variables: FL, fruit length; FW, fruit width; LL, leaf length;l&&a¥ width;
PL, petiole length; PW, petiole width; SL, seed length; SW, seed wdfititegrees of freedom; logLik, log-
likelihood; AlCc, Akaike's information criterioy (stepping scale for model selectiof); weight, the proportion
of the explained variance; apdthe significance of the best global model (bold results are significant).
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Figure 2. Global model 1 - Maximum height as a respovariable and vegetative and reproductive
characteristics as explanatory variables: fruigthn(FL), p = 0.98242; seed width (SW), p <0.00001;
leaf length (LL), p = 0.29637; leaf width (LW), p =7@544; petiole length (PL), p = 0.00072; and
petiole width (PW), p = 0.16805 (table 1).



25

Log Maximum height

5 o =)
o o
- Q-.-T ammeoe o o
.

Log Maximum height

2 3 0.0 0.5 1.0 15
Log Petiole length Log Petiole width

Figure 3. Global model 2 - Maximum heiglais a response variable and vegetative characteresics
explanatory variables: leaf length (LL), p <0.000@&hf width (LW), p = 0.841; petiole length (PL), p
<0.00001; and petiole width (PW), p <0.00001 (table 1

4 DISCUSSION

The maximum height was a reliable and significant response vaastaeroxy for
the growth of species both models, evidencing its importarasone of the three dimensions
inherent to the spectrum of plant form and function (Diaz et al. 2016). In ydeafdraits
(LL, PL and PW) were good explaining variables of height in the RDB, wh#eonly

significant reproductive trait was seed width.

The leaf blade length was positively correlated with Hmax in the global model 2 with
1.912 species. This is congruent with results of other studies whichtenthed large leaves
are associated with tall plants, suggesting that largésleadstly part ohnacquisitive strategy
of resource (Cornelissen 1999; Diaz et al. 2004; Navarro et al. 2010; Price et al. 2014; Garnier
et al. 2016; Diaz et al. 2016; Hodgson et al. 2017; Meira-Neto et al. 2019) while small leaf is

associated with short plants, suggesting that smalidaabgly part of conservative strategy
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of resources. Thieafsize directly impacts the capture of photosynthetic resources betteuse,
larger the leaf, the larger the area available for the light inteoce@nd the higher the rate of
resource acquisition (Hodgsenal. 2017). Also, small woody plantsay not support external
branches thick enough to support large leaves, making this design alloltyedré&ely, but
not impossible (Navarro et al. 2010). Also, Kleiman & Aarssen (2007) suggestatt aoffa
between leaf size and quantity (leaf size/number trade-off), in which the selecti@hfaxcrl

anintense foliation of small leaves or the production of large leaves.

LW was not selected in any global model, a result that differs frainfound for
another Atlantic Forest (Meira-Neto et al. 2019), whose height was explained mainly by the
variationin leaf width. Navarr@tal. (2010) alsdoundthe variationin leaf width more relevant
than the variations in leaf length for Mediterranean species. Howevereddés of sites and
methods using a broader database and with a selection of non-edreiplanatory characters,
the leaf width was replaced in the models by other explanatory varialiles RDB Atlantic

Forests.

The petiole length was the only significant characternistmoth models and proved
be a highly explanatory trait of tree growth in the Atlantic Forest, an unexpected result since it
is less used than othieraf variables suchslength and width of leavek the RDB taller plants
were related to longer petioles. The petiole is a structural compontmg faf whose main
functions are the support of tleaf blade weight, the spatial positioning, and the vascularization
of the leaf (Pasini & Mirjalili 2006; Garnier et al. 2016). The siad shape of the petiole are
optimized on different length scalesorderto facilitateits functions (Pasini & Mirjalili 2006).
An increase in length of petiole can increase the efficiency of theifitggrteption, since the
leaf blade is farther from the stem/branch and other leaves and the lipb&being shaded
decreases (Pearcy et al. 2005; Brites & Valladares 2005; Niinemats2&06). Thus, this
structural feature adds an additional dimension to the interpretations ohpatteariation in
leaf size (Niinemets et al. 2007). Large leaves require greater investireaipport to ensure
adequate mechanical structure and to avoid self-shading and wind d@vnageets et al.
2006; Kleiman & Aarssen 2007; Garnier et al. 2016). In view of these cha&tcse long
petioles are presented as functional trafithe acquisition strategy, while short petioles, of the

conservative resource strategy.

Hmax was positively correlated with SW, indicating that tgdlants have wider seeds,
a result thats congruent with other studies tHatindthe same relationship between tall species
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and large diaspores and small species with small diaspores (Wh&m@&arssen 2010;
Lonnberg & Eriksson 2013; Diaz et al. 2016; Han et al. 2019; Candido et al. 2@2§gr L
seeds are associated with tolerance to greater stress in a sheidecheent of taller forests
(Muller-Landau 2010; Meira-Neto et al. 2019), being part of the conservative strategy, while
smaller seeds have more advantage in fertility and have adtaidagtations for fast growth
(Muller-Landau 2010; Metz et al. 2010; Turnbull et al. 2012), suggesting an i&oquis
strategy. The trees height increases as the seed size inenredgbe conservative strategy of
large seeds is associated with acquisitive strategy of greater growde®firt these forests,
congruently with the results of greater fruits explaining greater heightdantistRainforests
(Meira-Neto etal. 2019). This also shows that conservative characi¢sescanbeassociated
with different acquisitive traits to assemble plants strategee®aling independent character
evolution, and allowing the coexistence of complex plant strategies in @ompvironments

such as tropical forests (Baralotamket2010; Meira-Neto et al. 2019).

Differently from the work of Meira-Neto et al. (2019), who found a significant
relationship between Hmax and fruit variables (FL and Hi)an Atlantic Rainforest
community, the global models in RDB replaced fruit by seed. As the model’s selection used
only significant explanatory variables with less than 0.6 correlation ati asze of seeds is

positively correlated to the seeds size, it replaced the fruits sizefoutidmodels.

The main drivers of the growth-survival trade-off found for RDB were the length of
the petiole, the width of the petiole, the length of the leaf, amdvilith of the seed. These
drivers differ from the main drivers found for another single Atlantic FgMsira-Neto et al.
2019), which were the width of the leaf and fruit. However, the resdtaat so different as
fruit size and seed size are positively related, and that leaf widtleadngth are positively
related.

5 CONCLUSION

As hypothesized, the maximum height was adequately explained by theotfiahcti
traits measured and involved in the growth-survival trade-off, and representednifieast
way, the maximum potential growth of BRD's Atlantic Forest specias.study supports the
coexistence of different strategies among tree species for leatepetind seeds sizes, driven
by a trade-off between fast acquisition and conservation of resources in tfopgstd, which
canpromote the differentiation of nich@sthese communities. Finally, since the plants are not

ecologically isolated, but inserted a complex environmental context, susceptible to
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environmental filters, biotic interactions, and phylogenetic effects (He2(63a; Kleiman &

Aarssen 2007; Navarro et al. 2010; Vitéria et al. 2019), the next steps &d telthe study
of the functional traits integrated to the abiotic factors, phylogenetiories and possible
multiple interactions between the traits, in order to expand and complémeckbhowledge

about the functional diversity of the plants in the tropical forest environment.
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CHAPTER 2: ENVIRONMENTAL FILTERS CHANGE THE PATTERNS OF TRAITS
RELATED TO THE GROWTH-SURVIVAL TRADE- OFF IN A NEOTROPICAL
REGION

RESUMO

Uma maneira de entender as regras de montagem que governam aseasselglantas
através da abordagem de tracos funcionais e suas relagcdes com o afkeigmeeado que haja
uma modificacdo das estratégias ecoldgicas relacionadadrade-off crescimento-
sobrevivéncia com a variacdo dos gradientes ambientais. Investigaekstass tem impacto
no manejo e conservacao da biodiversidade vegetal. Tracos funcionamea® utilizados
em estudos de larga escala sao os relacionados ao tamanho da plamdgo indamanho da
planta inteira, das estruturas fotossintéticas e reprodutivas. Aaelatgé os tracos funcionais
das espécies com a filogenia também deve ser levada em consideracao, pois@staaekiac
independente da relagdo taxondmica. O objetivo deste estudo foigavestelacédo entre os
padrbes de tracos funcionais e o ambiesne uma bacia hidrogréafica inserida na Mata
Atlantica, na tentativa de responder a algumas perguntas como: quassp@cipais fatores
ambientais envolvidos ha montagem de comunidades da regidoa€estratégias ecologicas
funcionais e otrade-off crescimento-sobrevivénciae modificam através dos gradientes
ambientais®stracos funcionais sdo conservados ou sobredispersos na filogenia? Gaéstudo
feito na Bacia do Rio Doce (BRD), bacia de importancia federal quediidosseveros e
recentes impactos ambientais. Os dados floristicos e ambientaiscaetados no banco de
dados NeoTropTree. Foram coletadas informagdes sobre 10 tragos funciontsivosge
reprodutivos de 1.912 espécies (altura maxima, comprimento e largura da lammnaléol
peciolo, do fruto e da semente e sindromes de dispersao), e suas médliadasapara 79
pontos da BRD. Para quantificar as relacdes entre tracos funcéomargveis ambientais,
foram feitos modelos lineares generalizados (GLM), com posterior safiec@ioodelos e
separacdo dos modelos parcimoniosos atravesAl€c. O sinal filogenético de cada traco
funcional foi calculado através de dois métodos a fim de observar se hatiseavacao
filogenética de nichemalgum deles. Todasanalises foram realizadas no progra&n@odos

os tracos funcionais tiveram suas variancias explicadas por um total eevaliaveis
ambientais relacionadaso gradiente térmico, hidrico e altitudinal. Foi observado sinal
filogenético significativo em trés tracos funcionais (SW, FW e LW), rdud@ agrupamento
filogenéticode nicho nas partes mais altas da bacia. Este trabalho deangnstrexistem
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processos de filtragem ambiental atuando nas comunidades de géeBiRd3, interferindo nos
tamanhos dos 0Orgdos vegetais e consequentemente influenciando o padrade af
crescimento-sobrevivéncia observado, além de ser uma explicacdo plpasivelpadréo de
conservantismo filogenético de nicho encontrado para as larguras do fruto, da seneente
folha. As estratégias ecoldgicas mudam através dos gradientes hidrico, térmico eahltitudi
BRD. Este estudo confirma e destaca a influéderadltiplos fatores ambientais na montagem
de comunidades da BRD e pela primeira vez demonstra sua importaesautaracao dos
tracos funcionais e estratégias ecoldgicas para a captura e ustud®seelas espécies
lenhosas na bacia. O gradiente hidrico apresenta padrao vegetativo censematfolhas e
peciolos menores, enquanto o padréo reprodutivo é aquisitivo, com frutosréesepequenos
a medida em que a precipitacdo horizontal aumenta. Ao contrario, o graérerit® indica
um padrdo vegetativo aquisitivo, com folhas e peciolos maiores, e um pegrédutivo
conservativo, com frutos e sementes grandes. O gradiente altitudinal segadrédo de
umidade. Os estresses cronicos relacionados com as mudancas kidéoagcas com a
variagéo da altitude podem influenciar os intervalos de estabefaoinigs plantas, tornando a
estratégia reprodutiva aquisitiva e a conservacao de agua pelasraisdavoraveis nessas
condi¢cdes. A temperatura mais elevada pode favorecer a estratégimtfetioasaquisitiva
devido a area maior disponivel para trocas de calor e a competitiedémerancia em
ambientes sombreados, com assisténcia de suporte mecanicadolies peaiores. Os tracos
funcionais vegetativos responderam consistentemente ao gradiente térmiemdindjoe as
restricdes térmicas s@iwaisimportantes a estratégia de aquisicdo de energia luminosala uso
agua. Os tracos funcionais reprodutivos responderam mais fortemente ao gtadrcte
sugerindo que os custos da reproducdo sao influenciados pela estabilidakieiote e
disponibilidade hidrica. Este estudo confirma queade-offcrescimento-sobrevivéncia opera
independentemente nos diferentes niveis da planta e organiza difeestita®gias
relacionadas a fotossintese e reproducédo. Essa € uma importante achodoréensao da
ecologia funcional da regido, promovendo uma base para o conhecimento das &nc¢de

servigcos ecossistémicos presentes na Mata Atlantica.

Palavras-chave: filtragem ambiental, tragos funcionais, estratégidgieas.
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ABSTRACT

One approach to understand the assembly rules that govern plant conmisitijieeentering
functional traits and their relationship with the environment. It is egpétiat there will be a
modification of ecological strategies related to the growth-surtigde-off with the variation

of environmental gradients. Investigating these relationshiparhiagact on the management
and conservation of plant biodiversity. Functional traits commonly used indaede studies
are those related to plant size, such as the size of the jglatite and of photosynthetic and
reproductive structures. The relationship between the functional trdatplwlogeny must also
be consideredsthis relationships not independent from the taxonomic relationship. The aim
of this study waso investigate the relationship between the patterns of functionaldraitthe
environment in a hydrographic basin inserted in the Atlantic Forest, weeaseme questions
such as: which are the main environmental factors involved in the assembly of consmanitie
the region? How do functional ecological strategies and the greumthval trade-off change
through environmental gradients? Are functional traits conserved or overdisparsed
phylogeny? The study was carried out in the Rio Doce Basin (RDB), an importanthaasin t
has suffered severe and recent environmental impacts. Floristic and envitainta¢a were
collectedin the NeoTropTree database. Information was collected on 10 vegedative
reproductive functional traits of 1.912 species (maximum height, length ard afitlte leaf
blade, petiole, fruit and seed and dispersion syndromes), and their avefagiesechfor 79
RDB points. To quantify the relationships between functional traits and environmental
variables, generalized linear models (GLM) were calculated, witisegjuent selection of
models and separationtbie parsimonious models througtAICc. The phylogenetic signal of
eachfunctional trait was calculated using two methiwdsrderto observe whether there was a
phylogenetic conservation of niche in any of them. All analyzes were pedammine R
program. All functional traits had their variances explained by a totaledtvé¢ environmental
variables related to the thermal, hydric and altitudinal gradienigAifeant phylogenetic
signal was observeih three functional traits (SWEFW and LW), suggesting a niche
phylogenetic clustering in the upper part of the basin. This work demongtratébere are
environmental filtering processes actinghe RDB plant communities, interferimgthe sizes

of plant organs and consequently influencing the observed growth-survival traetefh,in
addition to being a plausible explanation for the phylogenetic conservatissmpatttniche
found for fruit, seed and leaf widths. Ecological strategies change through RyaBis,

thermal and altitudinal gradients. This study confirms and highlightsitlkenceof multiple
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environmental factors the assembly dRD communities aniébr the first time demonstrates

its importance in structuring the functional traits and ecological gtestéor the capture and

use of resources by woody species in the basin. The hydric gradient presemésraative
vegetative pattern, with smaller leavasd petioles, while the reproductive patteis
acquisitive, with small fruits and seeaisthe horizontal precipitation increas@nthe contrary,

the thermal gradient indicatas acquisitive vegetative pattern, with larger leaves and petioles,
and a conservative reproductive pattern, with large fruits and seedaltifirdinal gradient
followed the humidity pattern. Chronic stresses related to water andathehnanges with
altitude variation can influence the plant establishment intgrvabking the reproductive
strategy and the conservation of water by the leaves more favorabledarctmebtions. The
higher temperature can favor the acquisitive photosynthetic strategy due to the largereavailabl
area for heat exchanges and the competitiveness and tolerance ih emadenments, with
assistancefrom mechanical support of larger petioles. The vegetative functionas trait
consistently responded to the thermal gradient, indicating that thesstettions are more
important to the strategies of acquisition of light energy and use of Wékeneproductive
functional traits responded more strongly to the water regime, suggestinpahatsts of
reproduction are influenced by the stability of the environment and water kahtgilar his

study confirms that the growth-survival trade-off operates independently aediffevels of

the plant and organizes different strategies related to photosynthésispaoduction. This is

an important addition to the understanding of the functional ecology of the region, providing a

basisfor understanding the ecosystem functions and services present in the Atlargtc Fore

Keywords: environmental filtering, functional traits, ecological strategies
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1 INTRODUCTION

The search for assembly rules remains a central theme in ecologyisTaeneiving
understanding that the approach based on functional traits and their relatiortththew
physical environment is a promising path to provide insights into these pescegth direct
implications for the conservation and management of ecosystems (MahajaR0dtl; Nock
etal. 2016Masarovicova etal. 2018). The use of plant functional traits relatethe acquisition
and conservation of resources reflects a trade-off between growth and survivalprasent
ecological strategies that determine how plants resporehvironmental factorgDiaz &
Cabido 2001; Blundetal. 2015; Sobral 2020). Identifying the patterns of ecological strategies
along abiotic gradients helps to understand the structure of commuamtiegredict which
species will be able to escape environmental filters in diffdraiitats (Daz & Cabido 2001;
Mcgill et al. 2006; Blundo et al. 2015) which is extremely relevant irfdbe of changes in
vegetation cover and global climate (Diaz et al. 1998; Gallagher & Leishman 2012).

The attempto systematize ecological strategies with environmental condgemag
as environmental filters is old (Box 2019), and has been made at seveiall spes. A
number of studies demonstrate that the extrapolation of results baseavicommental
gradients must be analyzed case-by-casthey strongly depend on the local conditions of the
study area (Garnier et al. 2016). As the scale increases, the strengttrariraental filtering
seems to increase, while the importance of biotic interactims disturbances seems to
decrease (Diagtal. 1998; Garnieetal. 2016). At the global level, however, Moletsal. (2014)
found a weak association between functional traits and environmentdlesrii has been
suggested that the effect of environmental factors on functional traits cpattad\s variable
at different scales, demonstrating that environmental filtering is a rugtal process in
communities assemblage, even in complex systems like tropical foResth et al. 2003;
Lebrija-Trejosetal. 2010; Echeverria-Londof@al. 2018;Bu etal. 2019). Recent studies have
focused on intermediary spatial scales, given the relative importapeeaafsses acting on a
regional scale and the effects of climatic factors on well-defined podifoasosystems (Diaz
etal. 1998; Kneitel & Chase 2004). Considering timatnany cases is of interesto know the
response of a certain flora, researchers have suggested exploring the interrelation of functional
traits involved in trade-offs and how they vary along environmental gradients in ¢emple
regional floras, especially in richer places, such as in the tropics éD&lz 1998; Kneitel &
Chase 2004; Leuschner & Meier 2018) aasfar aswe know, except for the study by Almeida-

Neto et al. (2008),which demonstrated large-scale tremdshe relative frequency of
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characteristics of fruits along climatic and geographic gradientseinAtlantic Forest, the
relationship of multiple functional traits and environmental gradientseatgrmagnitudes in
this biome is unknown, so this study is likely to offer new insights toktimviedge of

functional ecology in this global hotspot.

Two climatic environmental filters appear as the main ones ireraus studies that
document the dynamics between functional and environmental patterns atmntlifieates:
precipitation and temperature, which alternate in importance (Olivélra-& Fontes 2000;
Diaz et al. 2004; Maharjan et al. 2011; Blundo et al. 2015; Wright et al. R&¥énde et al.
2017; Bruelheide et al. 2018; Caruso et al. 2020). In addition, the use of altitaalkbistic
variable has been shown to be useful,itsihould be analyzed with cauti@asthis variables
considered an indirect influence through associated physical factors, satmaspheric
temperature and pressure, wind, radiation and soil depth, as wali@saily influencing the
water regime, seasonality and humidity (Kérner 2007; Almeida-Bletb 2008; Garnieetal.
2016). Dueo the complexity of these parameters, there® wayto define large specific trends,
since the gradient of humidity can go in any direction, both at high and low edti(k@rner
2007) so, therefore, other variables that relates to humidity besides ptieci@te important
and should be added to studies of environmental gradients.

The interspecific variation of key functional traits has been used tcedetwiogical
strategies for the acquisition and conservation of resources (Reich et alBAOGH) et al.
2015), focusing on traits that can be interpreted as proxies that capture mhpodiagical
dimensions that influence species performance, sashcompetitive vigor, fertility,
productivity, dispersion, and regeneration (Westoby 1998; Cornelissen et al. 2008t Bliaz
2016; Monteiro et al. 2017; Leuschner & Meier 2018). Since several importaabohe
processes operate largely through size, attributes relatedd demonstrate ecological
significance and should be studied (Box 2019), including the size of the whdletiptasize

of photosynthetic surfaces, and the size of support and reproductive structures.

Several studies using the sizes of plant, leaf, fruit, and seed have fgnifidant
results in relation to the environment. In general, the wet to dry gradiexpésted to favor
conservative traits, with plants exhibiting small stature (Blugtdd. 2015; Moreira 201 7Box
2019; Dantas & Pausas 2020), narrow leaves (Herrera 2002; Maharjan et al. 2011; Meng et al.
2015; Hodgson et al. 2017; Asefa et al. 2017; Zhang & Li 2019) and short petioles (Niinemets

etal. 2006). These characteristics relatesurvival have also been obsennedunnier, highest
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and colder habitats (Korner 2007; Gallagher & Leishman 2012; Zhang & Li 2019), in poor
nutrient soils (Garnier et al. 2016; Hodgson et al. 2017; Dantas & Pausas 20&i)agioas

with higher disturbance frequency and intensity (Stevenson 2015; Montelr@@17).Onthe

other hand, these same environmental factors tend to be related tdreiteldnd seeds
(Almeida-Netoetal. 2008; Duivenvoorden & Cuello A 2012; Aseftal. 2017; Liuetal. 2017),
typical traits ofanacquisition strategy of resag&use, demonstrating that different plant organs
may present independent ecological strategies (Wright et al. 2004; Silva et al. 2015).

At the other extremity of the growth-survival trade-off are the acquisitamst
represented by taller plants, with larger and wider leaves and longeegaetioich, together
with conservative reproductive traits, swdlarger and wider fruits angkeds, are observed
more humid and warmer forests (Almeida-Netbal. 2008; Lebrija-Trejoset al. 2010;
Maharjan et al. 2011; Jensen & Zwieniecki 2013; Blundo et al. 2015; Madani2&18), at
low altitudes (Duivenvoorden & Cuello A 2012) and habitats rich in nutrients (Astedh
2017). These characteristics are strongly related to shade tolerarajirimnments with
vertical competitiorfor light (Niinemetsetal. 2006; Monteircetal. 2017; Hodgsoetal. 2017,
Dantas & Pausas 2020).

However, there are variationsthese patterns. Alimeiq2015)foundlarger leavest
higher altitudes in the Brazilian semiarid region. The effects mpégature are even less
consistent than those of altitude, as both the increase and decrease in the sizel ofgansra
have been documented. Stathl. (2017)foundsmaller alpine and montane plamsemperate
meadows in regions with higher average temperatures, while higher teimgeraere related
to taller plants in neotropical montane forests (Blundo et al. 2015) and giothed level
(Madani et al. 2018). Small leaves were related to higher temperatuseldarth American
temperate environment (Stark et al. 2017) and in an Australian xeric enviro(xueet al.
2020), while Gallagher & Leishman (2012) found smaller leaves in colder envir@iment
temperate Australia. Large seeds have been linked to higher sgorpsrat the global level
(Madanietal. 2018), but Liuetal. (2017)suggests that the most common patiefar smaller
seeds to be found in warmer environments. These findings show that new analifesent
environments are still required, since these patterns vary dependingsoalthghe vegetation

analyzed and the local and regional geographic peculiarities (Korner 28@iie@tal. 2016).

It is also necessary to consider the pertinence of phylogenetic informatite i

interpretation of trait-environment relations (Aseda al. 2017), since the climatic and
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environmental conditionsn which species evolved have a long-standing influence on
functional traits through niche phylogenetic conservatism, whitite persistence of ancestral
traits in existing species, which underlie the assembly of commu(@asnder-Bares et al.
2016). The phylogenetic clustering resultifijim evolutionary conservatism has been
documented along precipitation gradients, indicating that initial atdaps$to specific climatic
conditions tend to be well maintained within certain lineages (Barako#). 2012). Since
combinations of sizes of different plant organs can identify ecologiealiaizations of the
present, but can also reflect ancestry (Herrera 2002; Hodgson et al. 2017), fuecthbogy
studies can benefit from a phylogenetic dimension for a more accuraggetéon of the

foundpatterns (Hodgson et al. 2017).

To understand the importance of environmental filterimgthe assembly of
communities, this study aimed to assess how different physical and climatic faatots tke
variation of functional traits of woody plants relatedhe growth-survival trade-off in a set of
tropical communities in the Atlantic Forest, with the hypotheses that (1) asiclonatlitions
become more severe with the increase in altitude, the conservaaiteg)gtis favored, while,
with the reduction of altitude, increase in temperature and otBeciated conditions, the
acquisitive strategy is favored; and that (2) different positions of the enwrdgahgradient
generate communities phylogenetically clustered because of the owmiservatism of

functional traits in the Atlantic Forest.

2 MATERIALS AND METHODS

a. Study area

The Rio Doce Basin (RDB) (Figure 1) is located in the hydrographic region of the
Southeast Atlantic, in the Southeast of Brasil, covering an area of 86,716 #m states of
Minas Gerai§86%)and Espirito Santo (14%), thus being a basin of the federal domain (Coelho
2009; IGAM 2010; ANA 2016). The RDB is inserted almost totally (98%) within the limits of
a large global hotspot, the Atlantic forest (Myers et al. 2000; IGAM 2010s Biral. 2017).
Over centuries of degradation, deforestation, urbanization and economic growth centered on
the exploitation of commodities, putting pressure on the natural resourc&DEhbas lost
more than 71% of the coverage of its native vegetation and, recently, waaitheictim of
one of the worst environmental disasiarthe history of Brasil (Oliveira-Filho & Fontes 2000;
ANA 2016; Meira et al. 2016; Espindola et al. 2016; Pires et al. 2017).
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The region possesses a considerable species richness of the Adtastidomain and
have biogeographic and climatic processes that delimited the basin in a precise wag itmaki
a suitable study area for analysis on a regional scale. The lands¢hpebasin is a mosaic
with high altitudinal variation witch resulis several geomorphological patterns (Figure 1) and
accentuates the characteristics of air masses involved in the idgnammits atmospheric
circulation, giving the region great climatic variation (IGAM 2010; ANA 201@)e Tlimate,
following Koppen classification, is tropical humid, with average temperabhategeen 18 and
24.6°C (Coelho 2009; IGAM 2010). Two fluviometric periods are well marked, with
precipitation ranging from 800 to 1.300 mm in the rainy season, and from 150 to 250 mm in
the dry season (IGAM 2010).

b. Floristic and environmental data set

Floristic and environment data were obtained from NeoTropTree database, which has
lists of tree species from Neotropics (Oliveira-Filho 2017). The mateag wsomposed of
subregion codes distributed in 79 sampling points in the RDB (Figure 1). The canees
and synonyms were verified on the Flora do Brasil 2020 website (BFG 2018). Species without
exsiccates available for conference at online herbariums or at tharidertof the Federal
University of Vigcosa (VIC)aswell asspecies of Cactaceae with cladodes, were renfoved
the database. The final species list contains 1.912 woody sfreaedifferent physiognomies
of the Atlantic forest, belonginig 106 families of angiosperms, gymnosperms and arborescent

pteridophytes.

25 quantitative environmental variables were takemachsite, presentenh Table 1.
After previous analysis in GLM, showing that certain variables did metract with any
functional trait, these were eliminated, resulting in 14 explanatariables in the global

models http://www.neotroptree.info/projectdetails/database/sitesletails).

c. Functional traits

The RDB woody plant species had 10 functional traits collected at #rspetific

level, related to light interception, leaf economics and reproductive g@iityle 2).

The leaves had the traits collectedall 1.912 species. The values were obtained and
their average calculated by consulting a minimum of two herbarium spesifmeasurement
of five fully expanded leaves in each exsiccata, (totaling 10 samples, according to the protocol

for minimum repetition ofeaftraits by (Cornelisseetal. 2003), with some exceptiofts rare
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species that only the type exsiccate foasd (with less than 10 suitable leavds)these cases,
the average was calculated based on the maximum possible numbealdédeives of the
exsiccate. The consultation was carried out using the SpedieSystem, using the exsiccatae
tool with calibration and Reflora virtual herbarium, with refined searches fdothé&ons of
Minas Gerais and Espirito Santo whenever possible (BFG 2018; INCT 2020).

Table 1. Environmental variables for each locdlitghe Rio Doce Basin, with their abbreviations and
units when relevant (variables in bold were usetthe analyses).

Environmental Variables Abbreviation Unit
Altitude at site center Alt m
Annual mean temperature TempAnn °C
Mean diurnal range TempDayRng °C
Isothermality Isotherm %
Temperature seasonality TempSeas °C
Maximum temperature of warmest month TempMax °C
Minimum temperaturef coldest month TempMin °C
Temperature annual range TempAnn °C
Annual precipitation PrecAnn mm
Precipitationof wettest month PrecWetP mm
Precipitation of driest month PrecDryP mm
Precipitation seasonality PrecSeas %
Duration of the water deficit period WDD Days
Severity of the water deficit period WDS mm
Duration of the water excess period WED Days
Severity of the water excess period WES mm
Hyperseasonality HyperSeas %
Number of days with frost DaysFrost Days
Cloud interception or horizontal precipitation Cloudltcp mm
Grassy cover GrassyCover %
Surface rockyness RankedRockines: %
Soil texture class RankedSand %
Soil drainage class RankedDrainage -
Soil water storage SoilWaterStorage -
Soil fertility based on average TBS RankedTBS %
Soil salinity SoilSalinity -
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Figurel. Altimetry and locatiorof the79 points studiedn the Rio Doce BasirMG — Minas geraisES
— Espirito Santo. Data: WGS! (Adapted from Oliveira-Juniagt al. 2020).

The maximum height and the dispersal syndromes were obfaimalt1.912 species,
fruit variables for 1.295 species and seed variables had their meassrettaited for 895
species. The information about these traits were obtained through measunemxsiccate,
description data and observations in the reports generated by consultiRgfldra virtual
herbarium (BFG 2018) and several specialized sources, sashooks (Lorenzi 1992; Lorenzi
1998; Lorenzi 2011), specialized websites (Flora Brasiliensis
http://florabrasiliensis.cria.org.br/, Userful Tropical Plants database
http://tropical.theferns.info/, CNCFlora - http://cncflora.jbrj.gov.br/portal and others
herbariums (e.g. Herbéario VIC and exsiccatae tool of SpeciesLinkntificigoapers on
taxonomic treatment, thesis, and dissertations (Pereira et al. 20@6&3#&oli 2006; Pirani
2006; Martins et al. 2009; Santos 2013; Reginato & Goldenberg 2018).

Based on the species list for each location, all traits had theage®icalculated for
each of the 79 points in the basin, in millimeters for the quardtataits, and the proportion

in percentagéor the dispersion syndromes.
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Table2. Functional traits quantifieith this study, with their abbreviations and units whelevant.

Functional traits Abbreviation  Unit Leading function Number of
species
Plant Maximum Height Hmx m (CI(_JIr?er)teltri]tti(\elg:(:{)rg(r)]gth) 1.912
Leaf blade length LL mm
Leaf blade width LW mm (I_PLant economics Lol
. ight capture versus .

Petiole length PL MM gverheating, fixation of carbon
Petiole width PW mm
Fruit length FL mm
Fruit width FW mm 1.295
Seed length St mm Reproductive ability 808
Seed width SwW mm (potential for dispersion,

700 colonization and resistance)
Dispersal syndromes ANEMO - 1.912

AUTO

d. Generalized linear models

Generalized linear models (GLM) using a Gaussian distribution vge@io quantify
the relationships between traits values and physical and clivaaitables. The 'dredge’ function
was used to select models using the functional traits combinatitmthes terms of the global
models. All variables had their values scale-transformed to the si@ad®on of the data.

Global model  glm(scale(functional trait’) ~ scale(Alt) + scale(TempAnn) +
scale(TempDayRng) + scale(Isotherm) + scale(TempSeas) +
scale(TempMax) + scale(PrecAnn) + scale(PrecDryP) +
scale(WaterDefDur) + scale(WaterDefSev) + scale(WaterExcDu
scale(WaterExcSev) + scale(DaysFrost) + scale(Cloudlitcp)).

To select the model that best explained the variati@achtrait, second-order Akaike
information criterion (AlCc) was used, and all models witAICc less or equal to 2 were
considered parsimonious. When more than one model was selected, the avaragéeps of
the models and standard errors were calculated using the 'model.avg' fundcheMaMin
package, showing the significance values for each explanatory variable. Toawditting,
the number of explanatory variables in a single model was limitedn@xanum of five, and
only explanatory variables with a correlation of less than 0.6 betwes=n were used
(https://github.com/rojaff/dredge_madAfter the average of the models, the coefficients of the
conditional averages, which averages only over the models where the parameter appears, were
considered (Barton 2020).
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All analysis were performed in the statistical environment R (R CoaenT2020),
using the following packages: vegan, Ime4, MuMIn, ggplot2, AICcmodavgdaggcorrplot,
corrplot and car (Sarkar 2008; Wickham 2016; Wei & Simko 2017; Fox & Weisberg 2019;
Kassambara 2019; Barton 2020; Mazerolle 2020; Oksanen & et al 2020; Bates et al. p. 4).

e. Phylogenetic signal

In order to observe the presence or absence of phylogenetic niche comseirvatis
functional traits, the phylogenetic signal was calculated, which corresporaistatistical
sample in which evolutionarily related species that contain valuesitsf¢loser to each other
than randomly expected will present a significant sign (Garniet 2046). This method has
been considered usefth explore the evolution of functional traits along environmental
gradients (Xu et al. 2017).

For this analysis, three phylogenetic trees were generated usiRgyomatic tooin
Phylocom 4.2, based on the megatiR20160415.newand supported by th&PG VI
classification system (Webb et al. 2002; Gastauer & Meira-Neto ZDH&;Angiosperm
Phylogeny Group 2016). The first tree had a total of 1.892 species, excludidgmpitgtes and
gymnosperms, du¢o their strong effect on phylogenetic metrilsy having very deep
branches); the second tree had 1.295 species that contained fill@faxEL and FW); and
the third tree had 895 species that contained filled sstad 8L and SW), except gymnosperms,
excluded for the reasons stated above. The resulting phylogenetic treegisvalized and

converted to the 'newick’ format in the Figtree v1.4.3 program (Rambaut 2010).

The phylogenetic signal was tested by two approaches, for comparative putpese
Pagel’s A (Pagel 1999) and Blomberg’s K (Blomberg et al. 2003). These methods assume that
the evolution of functional traits follows the Brownian movement (BM) model. Pagel’s A is
estimated by maximum likelihood and considers the length of the bsaattiee phylogenetic
tree to measure the phylogenetic dependence of the observed trait daiald®®; Peres
2016). Blomberg’s K is a ratio of mean square errors (MSEO/MSE), expressing the strength of
the phylogenetic signal through the ratio between the observed and expeatedjuare error.
For both, a value cloge 0 indicates phylogenetic independence or a slight convergetioe
trait. Generally, the upper limit dagel’s A is closeto 1, whileBlomberg’s K can reach values
above 1, in both, indicating greater similarity between close speciesatmdomly expected,

while K=1 indicates what would be randomly expected and K<1 indichatd the traits are
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more different than expected, suggesting overdispersion (Minkermetdle2012; Satdichanh
etal. 2015).

Blomberg’s K and Pagel’s A were estimated with the ‘phylosig’ function from the
Phytools package (Revell 20120 obtain the statistical significance df, 10.000

randomizations were performed using the 'nsim' argument.

3 RESULTS

In the GLM analysis and model selection, all functional traits had wvariances
explained by a total of twelve environmental variables (Altitudeysbast, Isotherm,
TempMax, TempSeas, TempAnn, Cloudltcp, PrecDryP, WaterDefDur, WaterDefSe
WaterExcDur and WaterExcSev), which were related in a specific positivegative pattern
with the different traits. Only TempDayRng and PrecAnn were not signifjceelated to any
functional trait. Table 3 in appendix | show the details.

The FL global model resulted in 8 GLM with weights between 0.154 and (F063.
FL, Altitude and Cloudltcp were negatively correlated. For FW, the gloloalel resulted in
11 GLM with significant values, with weights between 0.120 and 0.045 andadymo FL,
Altitude and Cloudltcp were negatively correlated. In the global model foB &l1,M were
found with weights between 0.238 and 0.102, being positively correlated with Daysfcbst
negatively correlated with Altitude and Cloudltcp. SW had 5 signifiGi¥ with weights
between 0.182 and 0.069 and was negatively correlated with Altitude and Gpo{iigiure 2;
table 3for details).

LL obtained 10 GLM with weights between 0.078 and 0i@2Be selection, and was
negatively relatedto Cloudltcp and Altitude, and positively correlated with DaysFrost,
Isotherm, TempMax and WaterExcDur. The global model for LW resulted inN8 ®ith
weights between 0.142 and 0.052, being negatively correlated with Cloadtidtitude, and
positively correlated with Daysfrost, Isotherm and TempMax. PL obtained 15 Githv w
weights between 0.060 and 0.023, showing a negative relationship with Cloudltcp and a
positive relationship with Daysfrost. The PW global model resulted in 19 Gith weights
between 0.049 and 0.0i8the selection, being negatively related with Altitude and J®eas,
and positively correlated with Isotherm and TempAnn (Figure 3; table 3 folsjletai
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In the analysis of the Hmx global model, 4 significant GLMs viewad,with weights
between 0.189 and 0.080. Hmx was positively correlated with Daysfroshegmatively
correlated with Altitude and Cloudltcp. Among the dispersion syndromes, ZOO had only
GLM supplied after selection, with a weight of 0.505, being negatively related with PrecDryP,
WaterDefDur and WaterExcSev. ANEMO had 2 GLM selected with weigetween 0.614
and 0.297 and was negatively related to WaterDefSev and positively redaigecDryP,
WaterDefDur and WaterExcSev. And AUTO had 1 GLM supplied, with a weight649,
showing a negative relationship with WaterDefSev and WaterExcdr a positive

relationship with Cloudltcp, TempAnn and WaterExcSev (Figure 4; table 3 folsjletai

The phylogenetic signal (Table 3) by Pagel’s A method resulted in significant values
closeto 1 for almostall functional traits, indicating a proximity of these tramshe phylogeny,
exceptPW and SL, which present@cequalto 1, suggesting phylogenestructureasexpected
by the Brownian movement. By Blomberg's K method, FW, LW and weakly SVériesk
values higher than 1, which indicates a higher similarity of funatimaits between the lineages
than expected by the Brownian movement, suggesting a conservation of theseicsizzact
throughout the phylogeny. The other functional traits showed values lower timatcting
that these traits are more different than expected by the Brownian matyeme would be

overdispersed in the phylogeny.
4 DISCUSSION

The results of this study demonstrate that there are environmemtahdlprocesses
acting on a large scale in the assembly of RDB plant communities, rmgnife the values of
functional traits along the gradients andhe observed growth-survival trade-off pattern. Three
gradients influence the functional traits of BlRD woody species: a thermal gradient, a hydric
gradient and an altitudinal gradient. These main environmental gradientsiienencelated to
the functional ecology of plants were already known and involved in other aspebis of t
region's vegetation. Oliveira-Filho & Font000)indicate the seasonality of precipitation and
temperature as the main environmental variables that influence the evolution aaticspet
plantsin southeastern Brazil, and the subsequent study by Eisenlohr & de®Hkibo (2015)
confirms both spatial and environmental factors influencing floristic pattarttgei Atlantic
Forest. Saiteetal. (2015)foundthe thermal gradient and the seasonality of precipitatitime
main determinants of RDB's phytogeographic patterns. Meira-Neto et al. (2020) deteonstra
that water and thermal variables influence the richness of spédispersal syndromes,
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phylogenetic structure and diversity of plants of RDB. Therefore, this study isueongvith
previous findings, highlights the influence of multiple environmental fagtdise assemblage

of RDB communities and unprecedented demonstrates their importance in strudiaring t
functional profiles and ecological strategies for the capture and ussoafces by the woody

species in communities of thendscape’s basin.
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Figure2. Averaged model coefficients for fruit length (FEYit width (FW),seedength (SL) andeed
width (SW) general linear models (Appendix | foralks).
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Figure3. Averaged model coefficients for leaf length (Ll8af width (LW), petiole length (PL) and
petiole width (PW) general linear models (Appendiaridetails).
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Figure 4. Averaged model coefficients for maximum height (HMXoochory (ZOO), anemochory
(ANEMO) and autochory (AUTO) general linear moddéipendix | for details).



Table 3. Phylogenetic signaby two methodsPagel’s Lambda andBlomberg’s K (10.000

randomizations).
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Trait A p K p
Hmx 0.9999459 0 0.9566531 0,0001
LL 0.9999515 0 0.8510101 0,0001
LW 0.999942 0 1.161973 0,0001
PL 0.9999688 0 0.9550456 0,0001
PW 1.000041 0 0.7920057 0,0001
FL? 0.9999355 0 0.8052719 0,0001
FL? 0.9992517 0 0.7730529 0,0001
Fw? 0.9999405 0 0.6545251 0,0001
FW?2 0.9999663 0 1.166487 0,0001
SL? 0.9998036 0 0.957341 0,0001
SL3 1.000036 2.273?876- 0.7583714 0,0001
Swi 0.9996134 0 1.075391 0,0001
SWs 0.9993255 2.622(382736- 0.7520232 0,0001
Dispersal 0.9998222 0 0.9253056 0,0001

1 Complete phylogenetic tree, with 1.892 speciesejgt pteridophytes and gymnosperms.
2 Phylogenetic tree with 1.295 species containiog flata.
3 Phylogenetic tree witB95 species containingeeddata, except gymnosperms.

The conservative vegetative strategy and the acquisitive reprodustiaeegy
predominated simultaneouslin environments with a higher incidence of horizontal
precipitation (cloud interception), that had a significant relationshipwifté functional traits.
Horizontal precipitation can be an important source of humidity in certainoanvents, such
as in cloudy nanoforests, common on the western limit of RDB, as it eepsesn additional
supply of water through tifegsand the atmospheric interception of water by the canopy, with
subsequent drainage (Moreira 2017; Domingated. 2017). These environments are typically
under chronic and variable environmental stresses (Moreira 2017), which can elé¢beeas
intervals of opportunity for plant establishment, making the reproductive strategypidf

germination and growth more favorable (letal. 2017; Chen et al. 2020).

The vegetative traits showed an opposite, conservative pattern, alongéhbyshic
gradient. Smaller trees and leaves are advantageous characterstiecsonments less
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favorable to growth (Hodgson et al. 2017), such as sites with low water retentpmor
nutrients soils (Niinemetstal. 2006; Kleiman & Aarssen 2007). A plausible explanation would
be that, despite the increase of available water in the atmosjplo¢eatially available for
canopy interception, possibly it is not equally available in the soil,hwitg not adequately
supplying watefor transpiration and cooling, favors conservative strategies with greater water
use efficiency and with greater light capture (Chapin et al. 1993; Korner 2603en &
Zwieniecki 2013; Moles et al. 2014; Meng et al. 2015; Garnier et al. 2016 Asal. 2017,
Pérez-Ramos et al. 2019; Xu et al. 2020). This may be the case in RDi#, sites with the
highest levels of horizontal precipitation are found in nebular nanoforests aqdfields
(campos rupestrg¢secosystems of great environmental complexity, often under water and soill
extremes (Moreira 2017; Neri et al. 2017; Vitoria et al. 2019). The varialdésd¢o the soil

(e.g. rockiness, texture, drainage) present in the NeoTropTree databasetvagnificantly
relatedto the functional traitén previous analysis (data not shown). The study of more specific
functional traits, such as hydraulic, physiological and root traits, togetherdati¢ghon the
edaphic gradient, with its nutritional and water variables, can help to capture othés aspec
factors involved in the pattern found héwoe this hydric gradient variable.

The thermal gradient exhibited an inverse pattern. Plants locatedc@s plith more
frost days showed, on average, more conservative reproductive traits, and moréiecquisi
vegetative traits. This result was not expected, since, according to the litetsgeeater the
length and width of leaves, the more susceptible to frost damage, amdrhé¢he vegetation
tends to present conservative traits in general (Augspurger 2009; CavendeeBare2016;
Leuschner & Meier 2018). Despite this, the occurrence of damage depends ohfaetes
suchasthe moment, the frequency, the distribution and the magnitude of tkg fwbschmay
or may not affect the plant, depending on the sensitivity of the different stages of development
(Augspurger 2009; Garnier et al. 2016). Studies that take frost into account in functional
ecology are focused on temperate regions, with harsh winters and mangf deys. For
example, AugspurgéR009)counted 8 days of frost aspring monthin lllinois, USA, against
a maximum of 9 days of frost in an entire year at one of the RDB points. It iblpdbat the
few days of frost in the basin, located in a tropical region, areapatbte of causing damage
to the plant organs and, on the contrary, other favorable conditions of these places, such

greater humidity, favor vegetative acquisitive characteristics (Mao 2020).
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Other authors suggest the deciduous reaihescape stratedggom low temperatures
and freezing in woody plants (Cavender-Bares et al. 2016; Box 2019). In addition, Liu et a
(2018) suggests that the variable 'number of days with frost' may not be slatatmenplex
analysis of vegetation responses and possible frost damage, as sudyeyiis with the
specific growth stage. Although frost already appears as an important feattdintits the
distribution of species southeastern Brasil (Oliveira-Filho & Fontes 2000), this phenomenon
does not seelto impact the vegetative traits relatedcapture and use of resource strategies of
woody plants in RDB. The conservative pattern of reproductive functional traits doutiis
gradient, on the other hand, may be linked to the fast acquisition of resbyileeger leaves,
because the more photosynthetic gains, the more ecanipe allocatedor reproduction (Liu
etal. 2017).

The vegetative acquisitive pattern was also maintained in threeveattiebles of the
thermal gradient, presenting expected results. Larger leaveobservedh places with higher
maximum temperatures, and wider petioles in places with higher aienuaératures. These
acquisitive traits were also more frequenénvironments with lower thermal amplitudes. High
temperatures and isothermality are characteristic of placts more suitable and stable
conditions for growth, such as equatorial, fluvial, tropical, wet, evergreen forestsi(@®li
Filho 2017). Fast growth plants are characteristic of humid, warm regidhsvertical
luminous gradients (Lebrija-Trej@tal. 2010; Jensen & Zwieniecki 2013; Blundtal. 2015;
Vila-Cabrera et al. 2015; Mao et al. 2020), and the greater height afievpdaint to properly
capture and control larger leaf resources (Box 2019), which may have benefits derived from a
larger area for heat exchange, maximizing photosynthetic gains in hot, aaohidhaded
environments, with the assistance of mechanical and water support of larger petiotaarfKlei
& Aarssen 2007; Niinemets et al. 2007; Lebrija-Trejos et al. 2010:CGalrera et al. 2015;
Wright etal. 2017; Hodgsoetal. 2017).Onthe contrary, a conservative pattern was negatively
related to the temperature seasonality, demonstrating that #tergiee temperature variation
throughout the year, the narrower the petiole, suggesting a predominance of a dease®gat
of water in these sites (Blundo et al. 2015; Pérez-Ramos et al. 2019).

In the altitudinal gradient the predominant vegetative strategy wastiservation of
resources and the predominant reproductive strategy was that of rapidtiacgaigiesources
with increasing altitude. This pattern is well documented in studiedtitfdinal variations
(Korner 2007; Almeida-Netet al. 2008; Duivenvoorden & Cuello A 201Xy et al. 2017;
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Zhang & Li 2019; Vitodria et al. 2019; Mao et al. 2020). The altitudinal grads considered

an aggregating gradient, as it has several and complex climatic argjigaloinfluences
considered more stressfiibr plants, suchas the increasing solar radiation, decreasing
temperatures, accelerationasf masses, promotion of cloudiness, shallower soils and with low
availability of nutrients and water (Oliveira-Filho & Fontes 2000; Kérner 28@Rob et al.
2013; Nerietal. 2017). Thus, plant respongesst reflect a combination of multiple gradients,
mainly with the influence of the humidity gradient (Korner 20@8)yasfound here the same
trade-off patterrior these two gradients. In addition, the dispersion of small fruits and the high
capacity for colonization of small seeds may be related to théegiesgacity to germinate in
open environments amd migratein the landscape, which may have great influentlee upper
RDB. The highest placem the basin have greater grass cover, characteristic of rocky
environments in the region (high altitude grasslands; Neri et al. 2017) andaHzigber
percentage of zoochoric species dispersed by birds (data not shown), so plarssailit
zoochoric fruits and small seeds, whadntolerate exposur® the sun and germinate quickly

under favorable conditions can benefit (Chen et al. 2020).

The reproductive traits related to dispersion were strongly influencedebwater
regimein themodel’s selection. Sites with longer periods without rain (WDD), but witense
rains in the dry period (WES, PrecDryP), present a higher proportion of anemochoric and
autochoric species, also showing a lower proportion of zoochoric spEuiepattern of higher
proportion of species with abiotic dispersismmssociated with the middle and lower portion of
the basin, where there is a strong maritime influence on hunmditye dry season, but still
has, on average, less annual precipitation (Cupolillo et al. 2008; IGAM 20ii8)region is
characterized by the presence of deciduous and mainly semi-deciduous (fldexstropTree
database; data not shown), where there is enough canopy opening to helgaspagules in
the absence or decrease of foliage (Almeida-Neto et al. 2008; Blund@®26i.8] Chen et al.
2017).0Onthe other hand, sites with long periods of rain or with severe weteit (WED and
WDS, respectively) show a decrease the proportion of abiotically dispersed species,
suggesting that, if very intense, seasonal droughts or even summer drogghtsc$,
characterized by short periods of water deficit in the middle of the raasoa (Cupolillo et
al. 2008), do not favor this type of dispersitmaddition, despite the lower proportion between
specieg7% on average; data not shown), the autochory was the ontp oespond positively
to the annual temperature, congruent with the points with semidecidweaomaéforestatthe

middle/lower portion of the basin; ataithe interception of clouds, greatdthe highest points
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of the basin, with more shrubby vegetation, which characteristically has a higher proportion of

abiotically dispersed species (Blundo et al. 2015).

Three functional traits were preserved along the phylogeny, all related to the width of
vegetative and repductive organs (FW, SW, LW). These traits are strongly linked to organ’s
length and plant size (Hodgson et al. 2017; Sobral 2020) and are moredikelycbnserved
in phylogenetic trees, since they are directly connected with othisritreolved in the same
functions related to the growth-survival trade-off (Webb et al. 2002). In nichergatism,
closest species explore similar environments where there areblsuitanditions for
development (Wiens et al. 2010). Since the presence of the phylogeneticssiggests that
some ecological processes are more plausible than others (Sobrahé&a@iso 2012), and
these three traits were related to environmental variables pres#m@ hydric, thermal and
altitudinal gradients, environmental filtering is one of the possible ex{ptans for the niche
conservation of these functional traits (Webb et al. 2002; Lososova et al. 20d46n @aal.
2017). However, different processes can generate the same phylogenetic dignalnea
estimating it is not the same as knowing the responsible processe®i@atadl. 2012). In
addition, the phylogenetic signal was calculdt@dhe regional species poamta whole Xu et
al. (2017) calculated the phylogenetic signal for each community and neaisgly detected
the relationship between phylogeny and the altitudinal gradient. So, new phylocpegedic
measures for each of the RDB communities and related environmental wacablelucidate
these results.

The thermal gradient markedly influenced the vegetative functionas,trahich
related to five significant thermal variables (DaysFrost, Isotherm pMar, TempAnn and
TempSeas), against only two significant water variables (Cloudltcp and WHEB)hydric
gradient assertively influenced the reproductive functional traits, whiolWwexd a significant
relationship with six water variables (Cloudltcp, PrecDryP, WDD, WDS, WEBSY\and
with only two thermal variables (DaysFrost and TempAnn). Pretigitaimpacts the
production and maintenance costs of fleshy fruits, usually associatldlarger seeds.
Therefore, larger fruits and seeds are found in more humid environments andabiéh st
temperatures (Chen et al. 2017; Madani et al. 2018). On the other hand, although hydric
limitation is a factor that can limit growth, photosynthetic organsameactivity (Wright et
al. 2017; Vitoéria et al. 2019; Mao et al. 2020), thermal restrictions seé® more important
in the assembly of vegetative functional traatBRD. The temperature of the leafinessential
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control of the rates of metabolic processes, and the size of thelileetly affected its
temperature, so, in the absence of sufficient water in the soil foreetffitianspiration, the
thermal restriction becomes relevant (Meng et al. 2015; Wright 204&F), and the positive
response of the leaf size to the duration of the hydric excess and negapivase to the
interception of clouds which, as already mentioned, may be linked to edaphittonar it
seems to endorse this relationship. The altitudinal gradient proved torbadly aggregating
and complex gradient, generating a response in eight functional, vegetativeadicave
traits, what was expected, since the functional variations fohewhtermal and water gradients

linked to elevation.

Caruscetal. (2020)suggest thatn general, water availabilitg a selection agent that
leadsto adaptationio the abiotic environment more important than temperaBughis evident
difference in environmental filters during the vegetative and reproductive ploaseshere
opens a question about the different pressures that acts as ageaaptafion to the abiotic
environment in different stages of plant life. Consequently, this resulissalgports the
repeated observation that the growth-survival trade-off operates independedifferaint
levels of the planin orderto assemble a set of plant strategies promoted by the traits related
photosynthesis and reproduction (Diaz et al. 1998; Wright et al. 2004; Baraldt®@1@
Silvaetal. 2015; Bruelheidetal. 2018). Selective pressuggton the individualsofunctional
traits cannot be filtered independerdlyndividual level (Diaztal. 1998) but functional traits
can be selected independently at population and species (ddels-Neto et al. 2019).
However, different characteristics occupy different positiorie spectrum between slow and
fast use of resources (Silva et al. 2015), since the pressures during thendiffeases -
vegetative and reproductiveanbe vastly different, and the same conditioasbe favorable
or unfavorable, depending on the moment in the plant's life history (Lavorel & G20Q2y
Garnier et al. 2016).

5 CONCLUSION

This study confirms the two suggested hypotheses. Regarding the first hypotigesis
ecological strategies based on the growth-survival trade-off change ovés BRIDc, thermal
and altitudinal gradients. Conservative vegetative and acquisitive repvedstrategies
prevail in the higher portions of the basin, which are also the places wattegfr@orizontal
precipitation.Onthe other hand, acquisitive vegetative and conservative reprodurdiveg)sts

prevail in sites with increasing temperatures and isothermdlityaddition, the dispersion
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syndromes were influenced by the duration and severity of the hydric gradient. About the
second hypothesis, niche conservatism and phylogenetic clustering wasedbs fruit, seed

and leaf widths, and environmental filtering is a plausible explanfdrahis phenomenon.

The water gradient influenced the dispersion-related functicaitd thore assertively,
and not those linkedo the growth-survival trade-off, while the temperature gradient
significantly influenced the trade-off-related functional traits. Disipg may not be directly
related to the growth-survival trade-off, but it is an important variéblenderstand the
functional dynamics of the Atlantic foresswell asother aspects of the reproductive phase of

plants.

There are many recent works demonstrating the necdssitgcover ecological
interactions and functions, protect natural resources and provide ecosystens seriRD&
(Neves et al. 2016; Garcia et al. 2017; Meira-Neto & Neri 2017; Qéivd&inior et al. 2020),
but the lack of data on functional traits of species in the regionb&r@er to large-scale
restoration based on functional ecology (Carlucci et al. 2020). So, this stutdynpartant
addition to the understanding of the functional ecology of the region and promotibgsike
for knowledge of the ecosystem functions and services present in the basssamgdor
functional restoration (Sobral 2020; Carluccakt2020).
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Table 3. Generalized linear models.

Model Code {Int) scl(Alt) scl{Cll) scl(DyF) scl(PDP) scl{WES) scl{lst) scl{PrA) scl{wDD) scl(WDS) scl{TmS) scl{TmM) scl(TDR) scl{TmA) scl{wWeED) df loglik AIC delta weight
FL

532 -3,59E-17 -0.5454 -0.4638 0.07305 -0.089710 6 -43.067 98.1 0.00 0.154
52 -1,07E-16 -0.5853 -0.4317 0.070850 0.07895 6 -43.435 98.9 0.74 0.106
40 -1,36E-16 -0.5320 -0.3998 -0.016780 0.074520 6 -43.752 99.5 1.37 0.077
2580 -7,31E-17 -0.5666 -0.4633 0.06352 -0.052700 -0.061580 7 -42.754 93.5 1.37 0.077
2064 -643E-17  -0.5515 -0.4128 -0.020560 0.055900 -0.074000 7 -42.823 99.6 151 0.072
1556 -4,32E-17 -0.5277 -0.4654 0.08172 0.0419900 -0.111400 7 -42.867 99.7 1.60 0.069
660 -3,16E-17 -0.5551 -0.4604 0.08583 -0.109700 0.035580 7 -42.899 99.8 1.66 0.067
536 -2,17E-17 -0.5459 -0.4946  0.036540 0.07492 -0.091640 7 -42.964 939.9 1.79 0.063
p 1 1.00e-06 2.01e-05 0.980 0.176 0.311 0.457 0.550 0.354 0.155 0583

FwW

40 2,55E-16 -0.6200 -0.4304 0.117600 0.07433 6 -35.768 83.5 0.00 0.120
10248 2,74E-16 -0.6034 -0.4245  0.111100 -8,23E-02 -0.0614350 7 -34.779 83.6 0.02 0.118
8232 2,71E-16 -0.5708 -0.4193  0.106000 0.05428 -8,22E-02 7 -34.829 83.7 012 0113
12308 2,29E-16 -0.5560 -0.3838 -1,63E-01 0.23460 -0.15660 7 -35.243 84.5 0.95 0.075
14340 1,61E-16 -0.5445 -0.3512 -3,76E-02 -0.091810 -0.09074 7 -35.309 34.6 1.08 0.070
2064 3,13E-16 -0.6449 -0.4408  0.120100 0.041800 -0.066540 7 -35.343 24.7 115 0.067
9224 2,84E-16 -0.5898 -0.4136  0.119300 -9,6 7E-02 -0.018710 7 -35.378 24.8 1.22 0.065
45 3,07E-16 -0.6103 -0.4344  0.115100 0.05880 0.040180 7 -35.424 34.8 131 0.062
36 2,46E-16 -0.5918 -0.4180 0.115600 0.07450 -0.04302 7 -35.647 85.3 1.76 0.050
536 3,32E-16 -0.5676 -0.4781  0.164300 -0.04515 -0.0767100 7 -35.660 85.3 1.78 0.049
52 1,43E-16 -0.5738 -0.3355 0.09805 -0.04977 6 -36.749 85.5 1.96 0.045
o 1 <2e-16 5.08e-05 0.152 0.193 0.207 0.418 0.775 0.757 0.225 0.139 0.241

SL

536 -3,10E-16 -0.7561 -0.4370  0.212800 0.09730 -0.0920100 7 -37.022 28.0 0.00 0.238
40 -4,25E-16 -0.7328 -0.3343  0.163900 0.06423 6 -38.507 9.0 0.97 0.147
36 -4,03E-16 -0.7934 -0.3641  0.168600 0.06290 0.10150 7 -37.872 89.7 1.70 0.102
p 1 <2e-16 0.00086 0.02624 0.21887 0.29419 0.08109

SwW

536 -3,36E-17 -0.7480 -0.4570  0.187000 0.12380 -0.061720 7 -39.543 93.1 0.00 0.182
56 -1,16E-16  -0.7778 -0.4081 0.158100 0.04081 0.13130 7 -39.926  93.9 0.77 0.124
40 -144E-16 -0.6917 -0.3703  0.152000 0.04253 6 -40.929 93.9 0.77 0123
2064 -8A3E-17 -0.6957 -0.3782  0.149700 4,61E-02 -0.032830 7 -40.459 94.9 1.83 0.073
48 -8,33E-17 -0.6803 -0.3751  0.143200 0.02440 4,69E-02 7 -40.517 95.0 1.35 0.069
p 1 <2e-16 0.000401 0.057881 0.488142 0.389091 0.181833 0594510 0.257000
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LL

271 9,95E-17 -0.58320 0.517200 0.2031 0.4445 6 -84.412  180.8 0.00 0.078
12551 -1,27e-16 -0.50010 0.453300 -0.2854 0.6525 0.37600 7 -B3.632 1813 0.44 0.063
8463 1,30€e-16 -0.57330 0.458700 -0.1414 01927 0.3166 7 -83.664 1813 050 0.061
12422 -3,34e-16 -0.7791 0.140500 -0.4157 0.209700 043540 7 -84.029 1821 123 0.042
1154 -4,57E-16 -0.7839 -0.4065000 0.378700 5 -86.314 1826 1.80 0.032
1295 5,16€-17 -0.57170  0.455000 0.1857 -0.04595800 0.4679 7 -84.314 1826 1.80 0.032
39 1,08e-16 -0.56580 0.507500 0.2037 04478 0.032460 7 -84.336 1827 1.85 0.031
2319 7,98€-17 -0.58070 0.513500 0.1962 2,04E-02 0.4566 7 -84.3%5  182.8 197 0.029
303 8,26E-17 -0.57970 0.509500 0.016770 0.1966 0.4432 7 -B4.3% 1828 197 0.029
8271 2,60E-16 -0.62230  0.438300 -0.1697  0.1%04 0.2252 7 -84.403  182.8 198 0.029
P 1 <2e-16 0.00173 0.01525 0.86377 0.12727 0.03125 028658  0.86012 0.02883 0.15937 025762 0.02082

Lw

271 5,74E-16 -0.6532  0.452400 0.19620 0.4454 6 -70.866  153.7 0.00 0.142
2064 6,55E-16 -0.4058 -0.6496  0.433300 0.213800 0.067150 7 -70.087 1542 0.44 0114
48 6,4%E-16 -0.4395 -0.6559  0.432000 -0.044350 0.21550 7 -70.241 1545 0.75 0.097
8463 5,94€-16 -0.6867  0.453900 -0.09310 0.18330 0.3611 7 -70.410 1548 1.09 0.082
ezl 5,82E-16 -0.6794  0.484700 0.19670 0.4479 0.02570 7 -70.758  155.6 187 0.056
1295 5,62E-16 -0.6504  0.486900 019290 -0.012160 04511 7 -70.857  155.7 198 0.053
303 5,65E-16 -0.6914  0.488700 0.008372 0.19290 0.4447 7 -70.860  155.7 199 0.052
2319 5,72E-16 -0.6529  0.452000 0.19540 -0.002220 0.4467 7 -70.865  155.7 2.00 0.052
p 1 0.000896 8.7e-06  0.000351 0.765885 0.365580 0.010048 0.903032 0642963 0.003699 (.728873

PL

271 5,38E-16 -0.65120  0.66080 0.15150 0.269200 6 -96.368 2047 0.00 0.060
263 3,49e-16 -0.63310  0.714%0 0.347300 5 -97.547  205.1 0.36 0.050
72 6,48E-16 -0.69550  0.65400 0.15040 021290 6 -96.779  205.6 0.82 0.040
8463 5,64€-16 -0.64120  0.60160 -0.1432  0.140%0 0.139600 7 -95.802  205.6 0.87 0.039
8455 3,50€e-16 -0.62310  0.64330 -0.1628 0.193%00 6 -96.829  205.7 0.92 0.038
71 4,80E-16 -0.66920  0.71270 0.30700 5 -97.873  205.7 1.01 0.036
2311 2,98E-16 -0.62260  0.67580 -0.129700 0.401600 6 -96.840 205.9 114 0.034
8271 6,57E-16 -0.68020  0.57600 -0.1737  0.14580 0.05084 7 -95.985  206.0 124 0.033
12551 3,95E-16 -0.592%0  0.62930 -0.2358 0.356700 0.234000 7 -96.078  206.2 142 0.030
2319 4,21E-16 -0.64290  0.64860 0.12830 -0.068060 0.309600 7 -96.224  206.4 171 0.026
295 3,14€-16 -0.62020  0.67010 0.325500 0.078360 6 -97.242  206.5 175 0.025
399 5,61€-16 -0.63020 0.64910 015220 0.273100 0.03906 7 -96.286  206.6 184 0.024
303 5,14€-16 -0.64660  0.65140 0.14300 0.267500 0.021710 7 -96.347  206.7 196 0.023
1295 5,62E-16 -0.65710  0.67220 0.15840 0.0254%00 0.257200 7 -96.349  206.7 196 0.023
8967 4,95E-16 -0.70520  0.65510 -0.1303 -0.104200  0.138500 7 -96.358  206.7 1.98 0.022
P 1 0.00194 0.00030 0.64784 0.25860 0.16831 0.85326 0.43283 035759  0.21253 0.70282 037882 0.24461
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PW

674 2,07E-16 -0.3877 0.0885400 -0.3572 0.28586000 6 -96.352  204.7 0.00 0.043
10 2,88E-16 -0.4240 0.2613 4 -98.359 204.7 0.01 0.049
643 5,17E-16 -0.3673000 -0.5021 0.2438000 5 -97.367 2047 0.03 0.048
660 3,70E-16 -0.4229 -0.1893000 0.2274000 -0.4442 0.2796000 7 -895.533 205.1 0.26 0.041
514 1,44E-17 -0.4214 -0.2414 4 -98.921 2058 1.14 0.028
73 3,26E-16 0.2521 0.4069 4 -99.210 2064 1.72 0.021
42 2,52E-16 -0.4219 0.0485200 0.2405 5 -98.253 2065 1.80 0.020
2694 2,16E-16 -0.4564 0.032330 -0.086610 -0.3661 0.2869000 7 -96.270 2065 1.84 0.020
675 5,12E-16 -0.3638000 0.0602500 -0.4728 0.2646000 6 -97.278  206.6 1.85 0.019
2058 2,63E-16 -0.4427 0.2434 -0.036930 5 -98.307 2066 1.91 0.019
1667 5,02E-16 -0.3484000 0.043800 -0.5115 0.2304000 6 -97.208  206.6 1.91 0.019
138 3,02E-16 -0.4239 0.2613 0.0199500 5 -98.337  2006.7 1.7 0.018
1034 2,80E-16 -0.4309 0.2570 -0.013280 3 -98.352  206.7 2.00 0.018
p 1 0.00225 0.05523 0.82266 0.60543 0.01417 0.26044  0.74387  0.66566 0.00823 0.09256 6.2e-05

HMX

40 3,52E-16 -0.4057 -0.8142 0.416700 -0.098120 6 -35.867  123.7 0.00 0.139
8232 3,72E-16 -0.3430 -0.8000 0.4015900 -0.123700 -0.10470 7 -534.951 1239 0.17 0174
48 4,49E-16 -0.3876 -0.8217 0.412100 -0.126900 0.0743200 7 -35.155 1243 0.58 0.142
36 3,65E-16 -0.4453 -0.8315 0.41%400 -0.098320 0.060470 7 -35.723 1254 1.71 0.080
4 1 0.0009 <2e-16  9,00E-05 0.0966 0.1981 0.2570 0.6115

700

11299 1,59E-15 -0.205600 -0.93650 -0.317300 -1,337 0.42520 7 -94.764 2035 0.00 0.505
P 0.1716 0.5433 6.63e-05 0.0107 2.00e-07 0.0806

ANEMO

11299 -7,19€e-17 0.213800 0.66440 0.3533 1,283  -0.5891000 7 -97.581  209.2 0.00 0.614
11301 1,08E-16 0.1090000 0.57540 0.3872 1,282  -0.7040000 7 -98.208 2106 1.45 0.297
P 1 0.17015 0.45462 0.00583  0.00596 8,00E-07  0.02040

AUTO

14403 -8 48E-16 0.396000 0.574600 -0.489700 1,1100 -0.3719 7 -86.118  186.2 0.00 0.649
<l 1 0.0104 6.53e-05 1.47e-05 7.70e-06  0.0362

Note: Scaled explanatory variables: Alt, altitude; ClI, Cloud interception; DyF, days with frost;pREihitation of dry period; WES, water excess severity; Ist,
isothermality; PrA, annual precipitation; WDD, water deficit duration; WDS, water deficitisevienS, temperature seasonality; TmM, maximum temperature; TDR,
temperature day range; TmA, annual temperature; WED, water excess dufatiegrees of freedom; logLik, log-likelihood; AlCc, Akaike's information criterian;
(stepping scale for model selectier?); weight, the proportion of the explained variance; prtie significance of the best global model (bold results are significant).
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