
 

 
Campus de Botucatu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SECONDARY XYLEM OF STEM AND ROOT OF CERRADO 

WOODY PLANTS: ANATOMICAL AND FUNCTIONAL 

APPROACH 

 

 

 
 

RAFAELLA EMANUELLE MONTEIRO DUTRA 

 

 

 

 

 

 

 

 
Dissertação apresentada ao Instituto de Biociências, 

Campus de Botucatu, UNESP, para obtenção do título 

de Mestre em Ciências Biológicas (Botânica), Área de 

Concentração em Morfologia e Diversidade Vegetal. 

 

 

 

 

 

 

 

 

 

 

 

 

BOTUCATU – SP 

2021 



 

 
Campus de Botucatu 

 

 

 

 

 

 

 

 

UNIVERSIDADE ESTADUAL PAULISTA 

“Júlio de Mesquita Filho” 

INSTITUTO DE BIOCIÊNCIAS DE BOTUCATU 

 
 

SECONDARY XYLEM OF STEM AND ROOT OF CERRADO 

WOODY PLANTS: ANATOMICAL AND FUNCTIONAL 

APPROACH 

 

 
RAFAELLA EMANUELLE MONTEIRO DUTRA 

 

 

PROFª DRª. CARMEN REGINA MARCATI 

ORIENTADORA 

PROF. DR. ANSELMO NOGUEIRA 

COORIENTADOR 

 

 

 

Dissertação apresentada ao Instituto de Biociências, 

Campus de Botucatu, UNESP, para obtenção do título 

de Mestre em Biologia vegetal, Área de Concentração 

em Morfologia e Diversidade Vegetal. 

 

 

 

 

 

 

 

 
BOTUCATU – SP 

2021 



FICHA CATALOGRÁFICA ELABORADA PELA SEÇÃO TÉC. AQUIS. TRATAMENTO DA INFORM. 

DIVISÃO TÉCNICA DE BIBLIOTECA E DOCUMENTAÇÃO - CÂMPUS DE BOTUCATU - UNESP 

BIBLIOTECÁRIA RESPONSÁVEL: ROSEMEIRE APARECIDA VICENTE-CRB 8/5651  
 

   

 Dutra, Rafaella Emanuelle Monteiro. 
   Secondary xylem of stem and root of cerrado woody plants : anatomical 

and functional approach / Rafaella Emanuelle Monteiro Dutra. - Botucatu, 

2021 

 

   Dissertação (mestrado) - Universidade Estadual Paulista "Júlio de 

Mesquita Filho", Instituto de Biociências de Botucatu 

   Orientador: Carmen Regina Marcati 

   Coorientador: Anselmo Nogueira 

   Capes: 20302037 

 

   1. Plantas dos cerrados - Morfologia. 2. Savanas. 3. Madeira - 

Densidade. 4. Raízes de plantas. 5. Carboidratos não estruturais. 

 

 

Palavras-chave: Alocação de carbono; Carboidratos não estruturais; 

Densidade da madeira; Pontoações radiovasculares; Savana neotropical. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Somewhere, something incredible is waiting to be known." 

Dr. Carl Sagan 



AGRADECIMENTOS 

 

 
À Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) pela bolsa 

de Demanda Social. Ao Programa Emerging Leaders in the Americas Program (ELAP - 

Global Affairs Canada) e ao Centre d'étude de la forêt (CEF – Fonds de recherche du 

Québec) pela bolsa de estudo e auxílio financeiro. 

À Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP - Auxílio à 

Pesquisa - Proc. 15/14954-1 e 19/09417-8) e ao Consejo Nacional de Ciencia y 

Tecnologia (CONACYT 237061) pelo suporte financeiro. 

À Universidade Estadual Paulista “Júlio de Mesquita Filho” (UNESP), ao Instituto de 

Biociências de Botucatu (IBB), à Faculdade de Ciências Agronômicas de Botucatu 

(FCA), e ao Laboratório de anatomia da madeira e casca pela infraestrutura e espaços 

para realização do trabalho. 

Ao Programa de Pós-Graduação em Ciências Biológicas (Botânica), e a Seção técnica de 

pós-graduação do Instituto de Biociências de Botucatu (Universidade Estadual Paulista 

“Júlio de Mesquita Filho” (UNESP)) pelos recursos e suporte fornecidos. 

À Université du Québec à Chicoutimi (UQAC) pela estrutura e recursos disponibilizados. 

À minha orientadora, profa. Dra. Carmen Regina Marcati, por ter me aceitado orientar, 

pelos ensinamentos sobre a biologia da madeira, especialmente das plantas do cerrado, e 

conselhos. Sou muito grata por todo seu apoio e oportunidades que essa experiencia tem 

proporcionado. Ao meu co-orientador, prof. Dr. Anselmo Nogueira, por todo suporte e 

momentos que me fizeram pensar “fora da caixa” sobre as plantas, padrões biológicos, 

cerrado e estatística. Sou grata por tua contribuição em despertar esse lado científico em 

mim! 

To Sergio Rossi for all his dedication in always helping me and teaching me about not 

only science but seeing “the simple side of things”. Thank you very much for the 

countless advice, discussions, and for believing in my potential since the beginning, which 

makes me realize how much I have grown as a student and person. For his human side, 

animation, and for being an extraordinary supervisor that makes me feel honored to have 

the privilege of learning how to be a scientist with you. 

Aos professores do departamento de Bioestatística, Biologia Vegetal, Parasitologia e 

Zoologia do Instituto de Biociências de Botucatu (Universidade Estadual Paulista “Júlio 

de Mesquita Filho” (UNESP)) pelos saberes compartilhados. 

Aos membros da banca de qualificação, Marcelo Pace, Larissa Dória e Rivete Lima por 

todas as contribuições. 

Aos colegas e à técnica Liliane Pereira do Laboratório de Anatomia da Madeira e Casca 

(UNESP – Botucatu) pela vivência, apoio, momentos de discussão, e conversas que 

suavizaram a rotina. A todos que contribuíram para a coleta e analises do material desse 

estudo, especialmente Paula Vergilio por todas as ideias e suporte. 

A mes collègues latino-américains "Elapers" et aux collègues du Québec, merci beaucoup 

pour tout le soutien et les moments qui ont été importants durant le stage. To Valentina 



Buttò for all availability, ideas, and interesting discussions about plant science and 

statistics. 

À Caroline Sol, que desde a graduação tem sido uma grande amiga. Obrigada por tua 

amizade, todo apoio e “atentos” de sempre. Tu fizesse e faz uma enorme diferença nessa 

minha caminhada! 

Aos meus pais e minha família por sempre apoiarem minhas decisões, ajuda, e por 

acreditarem em mim. 

Aos colegas do Programa de Pós-Graduação em Ciências Biológicas (Botânica) (UNESP, 

Botucatu) pelos momentos compartilhados; e às amizades nascidas em Botucatu, 

especialmente Tixa, Samara (e Lili), e Victor, por todos os conselhos, conversas que me 

animaram, e apoio quando eu mais precisava para continuar esse trabalho longe de casa. 

E, não menos importante, a todos aqueles que contribuíram indiretamente para realização 

desse trabalho. 

Obrigada! 



CONTENT 

Abstract .............................................................................................................................. 8 

Introduction ....................................................................................................................... 9 

Material and methods ..................................................................................................... 11 

Results ............................................................................................................................... 14 

Discussion ......................................................................................................................... 15 

Conclusion ........................................................................................................................ 19 

References ......................................................................................................................... 20 

Tables ................................................................................................................................ 26 

Figures .............................................................................................................................. 29 

Supplementary material .................................................................................................. 34 



8 
 

1 Abstract 

2 The plant's ability to invest in the wood tissue in different organs is crucial to its survival in 

3 terrestrial environments. Wood is a complex structural system linked to water transport, 

4 mechanical support, and storage of essential substances. However, the understanding of wood 

5 traits patterns between organs and the relationship between structural and functional traits is 

6 still limited. In this study, we investigated the structural and functional wood patterns between 

7 the root and stem system across 15 woody species of the Cerrado domain (Brazilian savannah), 

8 also exploring the relationships among the wood traits across species. For that, we measured in 

9 both organs in all species the structural wood traits, theoretical hydraulic conductivity, wood 

10 density, and non-structural carbohydrates. Our results revealed a similar wood structure, 

11 estimation of theoretical hydraulic conductivity, and wood density when compared root and 

12 stem, but high content of non-structural carbohydrate in the root. Plant height had a positive 

13 effect on wood structure when combined ray width with vessel element length and ray density. 

14 Wood density was explained by rays features, while non-structural carbohydrates content was 

15 not related to the structural traits. We also identified a positive relationship between theoretical 

16 hydraulic conductivity and pits size. The structural and functional wood traits patterns observed 

17 provide a more integrated knowledge of wood function, and highlight that storage traits and 

18 function are prioritized in Brazilian savanna woody plants. 
 
 

19 Keywords: non-structural carbohydrates, vessel-ray pit, wood density, carbon allocation, 

20 neotropical savanna. 
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21 Introduction 

22 Wood (i.e., secondary xylem) is considered a key factor of evolutionary success linked 

23 to the growth and survival of plant species in terrestrial environments (Lucas et al. 2013). As 

24 part of a complex vascular system, wood forms a continuum throughout the plant body, and 

25 plays the functions of water transport, mechanical support, and storage (Evert 2006). At organ 

26 level, in the root, the wood is mainly related to water and nutrient storage and conduction 

27 functions (Evert & Eichhorn 2013). On the other hand, in the stem, it is mainly related to 

28 mechanical support and conduction functions (Evert & Eichhorn 2013). Based on this 

29 functional complexity, wood has different cell types to perform these multiple functions. In 

30 angiosperms, vessels (a set of superposed vessel elements) provide water transport, wherein the 

31 axial direction the conduction occurs by their perforation plates, and in the radial direction by 

32 the pits of their walls (Evert 2006); fibers provide mechanical support (Carlquist 2001); and 

33 axial parenchyma cells, rays, and living fibers stores carbohydrates, secondary compounds, 

34 minerals, and water (Plavcová & Jansen 2015; Morris et al. 2016). In this sense, structural traits 

35 can also explain some traits linked to hydraulic conductivity (Bittencourt et al. 2016), wood 

36 density (Chave et al. 2009), and energetic stock capacity (e.g., non-structural carbohydrates 

37 content) of the wood (Pratt & Jacobsen 2017; Plavcová et al. 2019). Nevertheless, to understand 

38 how wood traits differ between organs and which are the relationship among wood traits is 

39 important to take into those the structural and functional aspects of the plants. However, these 

40 issues remain a challenge. 

41 Wood traits relationships allows the understanding into the functions and properties 

42 tissue (Chave et al. 2009; Zanne et al. 2010; Pratt & Jacobsen 2017). Concerning hydraulic 

43 aspects, traits are generally interpreted in the perspective of increased embolism (i.e., bubbles 

44 inside the conduits) resistance and conductive efficiency (Choat et al. 2012). For example, 

45 according to the West, Brown, and Enquist model (WBE model, West et al. 1999), vessel 

46 diameter tends to decrease in the root-leaf direction to counterbalance the higher resistance 

47 imposed on narrower vessels at the top of the tree (West et al. 1999). As a consequence, wider 

48 conduit cells are often observed in the root (Ewers et al. 1997; Choat et al. 2010) and are 

49 associated with higher hydraulic conductivity, since the flow rate increases proportionally to 

50 vessel diameter to the fourth power (Ewers et al. 1990; Tyree & Zimmermann 2002). On the 

51 other hand, although  never observed experimentally, smaller cell dimensions  (e.g., narrow 

52 vessels and narrower intervessel and vessel-ray pits), and higher cell wall thickness and fiber 

53 fraction are also considered important for promoting resistance to vessel implosion (Pratt et al. 

54 2007; Lens et al. 2011; Pratt & Jacobsen 2017), and also contribute to higher wood density 

55 (Jacobsen et al. 2007; Pratt & Jacobsen 2017). This relationship is observed mainly in the stem 
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56 (Ziemińska et al. 2013; Janssen et al. 2020) since the combination of these traits is associated 

57 mainly to mechanical support demands (Chave et al. 2009; Plavcova et al. 2019). In addition, 

58 a higher size of fiber lumen diameter or amount of axial parenchyma, rays, and living fibers 

59 (Chen et al. 2020; Herrera-Ramírez et al. 2021) can lead to higher investment in non-structural 

60 carbohydrate storage (Chapotin et al. 1990; Herrera-Ramírez et al. 2021). These traits are found 

61 mainly in the roots than stem (Pratt et al. 2007; Jin et al. 2018), given its primary function of 

62 storage (Evert et al. 2006). Investment in storage traits might promote higher carbon storage 

63 (Chapotin 1990; Jacobsen et al. 2018), which can be crucial for regrowth, as evidenced in plants 

64 from post-fire environments such as savanna (Hoffmann et al. 2003; Clarke et al.2013; Simon 

65 & Pennington 2012). 

66 The Cerrado domain (Brazilian neotropical savanna) is the most floristically diverse 

67 savanna among other savannas (Forzza et al. 2012), and its vegetation is shaped by fire 

68 dynamics, soil fertility, luminosity, and water seasonality (Oliveira-Filho & Ratter 2002). 

69 Additionally, the Brazilian savanna are considered mesic savannas (Franco et al. 2014), due the 

70 average annual rainfall greater than 1,000 mm (Coutinho 2000). In the Cerrado, plants show 

71 particular traits, such as thick bark and deeper roots which allow higher investment in 

72 carbohydrates reserves in the underground organs, used mainly in post-fire physiological 

73 processes such as regrowth and flowering (Simon & Pennington 2012). 

74 Previous few works associate wood trait patterns of Cerrado species with different 

75 factors. Firstly, in general, wood structure differs when contrasted root and stem (Machado et 

76 al. 1997, 2007; Marcati et al. 2014). In the root, vessel element size and ray width might be 

77 larger than in the stem as observed in Styrax camporum (Styracaceae) (Machado et al. 1997). 

78 On the other hand, vessels and fiber with a smaller caliber tend to be observed only in the stem 

79 (Machado et al. 2007, Goulart & Marcati 2008). These structural differences have been 

80 associated with hydraulic function, suggesting that root has a water conduction efficiency, while 

81 stem tends to prioritize "safety" water transport (Machado et al. 2007). Despite the observed 

82 pattern, some traits linked to radial wood aspects (e.g., rays fraction, and vessel-ray pits 

83 diameter) tend not to differ between organs, as found on the similarity of the root and stem in 

84 Citharexylum myrianthum (Verbenaceae)  (Marcati et al. 2014). Second, despite the higher 

85 proportion of belowground biomass compared to aboveground for most Cerrado plants (see ref. 

86 Durigan et al. 2012), similarities can also be found in wood density and non-structural 

87 carbohydrate content when compared root to stem, as observed in Miconia pohliana 

88 (Melastomataceae) and Guapira noxia (Nyctaginaceae) (Hoffmann et al. 2003). Generally, 

89 these patterns are linked to regrowth strategy, mainly because of fire disturbance (Hoffmann et 

90 al. 2003). 
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91 Here, we investigated the structural and functional (theoretical hydraulic conductivity, 

92 wood density, and content of non-structural carbohydrates) wood traits based on 15 Cerrado 

93 species to verify if structural and functional wood patterns differ between root and stem and 

94 explore the relationships among wood traits. We hypothesize that roots invest more in reserve 

95 and water transport and less in mechanical support than stem in the Cerrado. Specifically, we 

96 expect (a) an increase in vessel and parenchyma cells size, reflecting a higher hydraulic 

97 conductivity and non-structural carbohydrates content in the roots compared to stems; and (b) 

98 higher investment in cell wall thickness, fiber, and wood density in stems compared to roots. 

99 Additionally, we hypothesize that wood density and non-structural carbohydrates content are 

100 related to structural xylem traits. Specifically, we expect that (a) wood density is positively 

101 related to fiber traits  (e.g., fiber wall thickness, fiber fraction), whereas  (b) non-structural 

102 carbohydrates content is positively related to parenchyma traits (e.g., size and fraction). 

103 Furthermore, we also investigated the relationships between axial and radial hydraulic traits, 

104 and we expect theoretical hydraulic conductivity to be positively related to vessel-ray pit size. 
 
 

105 Material and methods 

106 Study site 

107 The study was conducted in Estancia Santa Catarina Private Reserve, Botucatu, São 

108 Paulo state, Brazil (22º54’51”S, 48º30’13”W). The local area is characterized by a mean annual 

109 temperature of 21ºC, and seasonal precipitation, averaging 1507 mm/year in the rainy season 

110 (September-April) and 50 mm/year in the dry season (May-August). Climatic data were 

111 collected during 2005-2015 from the Meteorological Station of the Faculdade de Ciências 

112 Agronômicas, UNESP (Botucatu), São Paulo, Brazil. The soil is sandy, acidic, with low organic 

113 matter and high aluminium content. The site is covered by cerrado sensu stricto (i.e., Brazilian 

114 savanna), with vegetation composed of herbaceous and short and sparse woody species (Ribeiro 

115 & Walter 2008). 

116 Plant material 

117 We selected the 15 most dominant woody species in the study site, comprising 

118 different habits (shrubs, tree), taxonomic orders and large phylogenetic diversity (Table 1). All 

119 species are diffuse-porous wood, except for the semi-ring-porous of Aegiphila verticillata. We 

120 collected plant samples for structural and wood density analysis during the dry season (June- 

121 July 2015), when the vascular cambium is dormant (Marcati et al. 2016). We resampled the 

122 same individuals during the beginning of the growing season (October 2015) for non-structural 

123 carbohydrates (NSC) measurements, not compromising the analysis of the relationship with 

124 structural wood traits. Plant habit criteria defined the sampling to avoid structural damage or 
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125 loss of individual due to the plant size (Table 1). We sampled stem (main trunk for trees, or the 

126 most developed branch for shrubs) and root (main for trees, or secondary for shrubs) from three 

127 mature individuals per species. Stem samples were collected at 60 cm aboveground and roots 

128 at a depth of 15 - 30 cm belowground (distal from root collar). We collected the twigs' entire 

129 disk, 10 cm of secondary root blocks for shrubs, and 50 – 100 cm2 stem and root blocks for 

130 trees. After collection, we carefully washed the roots to remove the soil and the bark and 

131 reduced each sample to 1 cm3 for the material analysis. 
 

132 Structural wood analysis 

133 Samples were cut in transversal and longitudinal (tangential and radial) sections of 15- 

134 22 μm thick with a sliding microtome. Sections were stained in 1% aqueous safranin (Bukatsch 

135 1972) and 1% aqueous astra blue (Roeser 1972) (1:9), dehydrated in increasing ethanol series 

136 and mounted on permanent slides with synthetic resin. To visualize individual cellular 

137 elements, woody blocks were reduced to small fragments, placed in closed vials with hydrogen 

138 peroxide and glacial acetic acid (1:1) and put in an oven at 60°C for 24h. After, the material 

139 was stained in 1% safranin in 50% ethanol and mounted on semi-permanent slides with 50% 

140 glycerin. Slide analyses were performed using light microscopy and measurements in ImageJ 

141 2.0 software (https://imagej.nih.gov/ij/). All structural traits measured are presented in Table 2, 

142 and according to IAWA Committee (1989) and Scholz et al. (2013) recommendations. 

143 The hydraulic diameter of vessels (Dh) was calculated based on a formula by Tyree & 

144 Zimmerman (2002): (𝛴dv4/n)1/4, where dv refers to vessel diameter, and n to vessel number. 

145 Considering that the vessels are not perfect circles in cross section, vessel diameter (dv) was 

146 calculated according to the area of the vessel lumen, by the formula: dv = √4A/ π, where dv is 

147 vessel diameter, and A is vessel lumen area. We used this formula to consider the mean diameter 

148 of all vessels in the sample (Scholz et al. 2013), independent of the species wood porosity. 

149 Additionally, fiber wall thickness was determined by following the formula: ((fd – fld) /2), 

150 where fd is fiber diameter, and fld is fiber lumen diameter. 

151 To quantify the cell fractions (vessels, fibers, axial parenchyma, and rays), we selected 

152 one area of 1 mm² from a cross-sectional image of each sample. Measurements were carried 

153 out using a digitizing table, Photoshop CS6 (Adobe Systems Inc) and Colour count plugin (at 

154 ImageJ 2.0), following Ziemińska et al. (2013) recommendations. 

 

155 Theoretical hydraulic conductivity and sapwood density 

156 Theoretical hydraulic conductivity (KTH) was estimated following the formula (Fichot 

157 et al. 2010): 
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𝐷ℎ4𝜋 
𝐾TH = 

128 𝜂 
x 𝐷𝑣 

where Dh represents the hydraulic vessel diameter, η represents the viscosity of water at 20°C 

(1.002 × 10-9, MPa s), and Dv is the vessel density. 

To calculate a wood density (WD, i.e., basic specific gravity), samples were 

submerged in water and weighed on an analytical balance to obtains the fresh volume (water 

displacement method). After samples were dried in an oven at 80°C until the constant weight 

and the dry mass was measured. Wood density was calculated by the ratio between dry mass 

and fresh volume. 

 

166 Non-structural carbohydrates measurement 

167 Immediately after collection, samples were oven dried at 60 to 65°C until constant 

168 weight. After drying, the samples were ground using a mini-mill (Thomas Scientific, 

169 Swedesboro, New Jersey) and sieved on a #60 mesh. Soluble sugars were extracted in 80% 

170 ethanol (Chow & Landhausser 2004) and starch in 1.1% hydrochloric acid (Chapotin et al. 

171 2006). The anthropometric method performed two measurements per sample in 80% sulfuric 

172 acid (Bauer, Schulze & Mund 1997), and absorbances were read in a spectrophotometer at a 

173 wavelength of 630 nm. NSC content was determined by the sum of soluble sugars and starch 

174 content. Results are given in mg/g (mg glucose/g dry wood). 

 

175 Data analysis 

176 We tested all datasets for normality assumptions with a visual inspection. Due to the 

177 non-normality of most structural traits, some traits were transformed a priori to meet the 

178 normality, according to suggestions of package “bestNormalize” (Peterson RA, Cavanaugh JE, 

179 2019) (Table 2).   A Principal Component Analysis (PCA) was performed to summarize the 

180 variation of the structural traits (Legendre & Legendre 2012) with the package “vegan” 

181 (Oksanen et al. 2019). To minimize the multicollinearity, vessel lumen area and diameter were 

182 not used, and fiber diameter and lumen diameter. The scores of the two most explanatory PCA 

183 axes were used as structural wood proxies, allowing us to understand better the simultaneous 

184 combination of cell traits in the following analyses. 

185 Linear mixed models (LMM) were conducted to compare the wood structure (PC1 and 

186 PC2 scores) and functional traits (KTH, wood density, and NSC content; response variables) 

187 between organs. We also run mixed models to testing the effect of plant size effect (height and 

188 organ diameter size; fixed factors) on wood structure (PC scores; response variable). In this 

189 case, when any effect was detected, we included the factor as covariate in the next analyses. To 

190 test the relationships between structural and functional traits, we perform LMM. First, we tested 
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191 the relationship between wood density or NSC (responses variables) and PC scores (PC1, PC2; 

192 fixed factors). Second, we evaluated the relationship between KTH (response variable) and pit 

193 traits (diameter, aperture; fixed factors). In all models, organs were included as a fixed 

194 categorical factor (two levels: root and stem), and individuals nested in species were considered 

195 as a random variable. The models were compared by the likelihood ratio test. The R² values 

196 were calculated according to Nakagawa & Schielzeth (2013), and the R² marginal (R²m) refers 

197 to the variance explained by the fixed factors, and R² conductional (R²c) refers to the variance 

198 explained by fixed and random factors. Normality and homoscedasticity of the residuals were 

199 checked by visual inspection (Zuur et al. 2010). We used the R packages “lme4” (Bates et al. 

200 2015) and “nmle” (Pinheiros et al. 2020) to perform the LMM. 

201 All analyses were performed in R v.4.0.5 (R Development Core Team 2021). 
 

202 Results 

203 Wood structure 

204 The structural wood pattern of root and stem was summarized by PCA (Figure 1A). 

205 The PCA revealed that the first two components axes explained 68% and 15% of observed data 

206 variance, respectively (Figure 1A). The PC1 was mainly described by ray height and ray width 

207 (Table S2), while the PC2 was described by ray density, vessel element length, and ray width 

208 (Table S2). In general, PC1 represented only ray features, and PC2 represented ray and vessel 

209 features. The overlapping points on the multivariate space suggested no structural wood 

210 distinction between organs (Figure 1A), as confirmed by mixed models (Table S2, Figure 1B). 

211 Overall, only plant height had a positive effect on wood structure when summarized 

212 by PC2 (combination of higher ray width (positive values), with higher vessel element length 

213 and ray density (negative values)) (Table S4, Figure S2, p<0.001). However, despite mixed 

214 models suggest the effect of organ diameter also on PC2 (p <0.01), the estimate was low 

215 (Estimate = -0.01); thus, we conclude that organ diameter did not explain the wood cells 

216 variation summarized by PC2. 

 

217 Functional traits 

218 Theoretical hydraulic conductivity estimates had large variation across organs (Table 

219 S1), with root varying from 0.06 to 464.10 Kg s-1 m-1 Mpa-1, and stem from 5.56 to 84.72 Kg 

220 s-1 m-1 Mpa-1. Wood density varied from 0.21 to 0.79 g/cm3 and from 0.33 to 0.74 g/cm3 in the 

221 root and stem, respectively (Table S1). Despite the variation, both traits were similar, on 

222 average, when compared root to stem (Table S1, S3, Figure 2). 

223 The starch content varied from 27.45 to 476.90 mg/g in the root and from 15.59 to 

224 371.24 mg/g in the stem (Table S1, Figure 3). Soluble sugar varied from 11.57 to 186.03 mg/g 
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225 in the root and from 13.96 to 175.62 mg/g in the stem. The total non-structural carbohydrates 

226 content (starch + soluble sugar) was higher in the root (224.85 ± 16.74) than stem (156.20 ± 

227 14.02), as expected (p<0.0001, Figure 2). 

 

228 Relationships between wood structure and functional traits 

229 No relationships were detected between structural traits summarized by PC1 

230 (combination of higher ray height and width (positive values), with higher ray density (negative 

231 values)) and wood density (Table 3). Although it was observed that wood density was 

232 negatively related with PC2 (combination of higher ray width (positive values) and higher 

233 vessel element length and ray density (negative values)) (Figure 4; p = 0.03), the PC2 estimate 

234 value was low (Estimate = -0.02). Non-structural carbohydrates content was not related to PC1 

235 or PC2 (Table 3). 

236 In contrast, theoretical hydraulic conductivity was positively related to vessel-ray pit 

237 traits, as hypothesized (Figure 5; p<0.001). 
 
 

238 Discussion 

239 In this study, we investigated the structural and functional wood traits pattern between 

240 root and stem and the relationships among wood traits based on  15 species from Cerrado 

241 (Brazilian savanna). Our results demonstrated that the plants, at least concerning the sampled 

242 portions, exhibited similar wood structure, theoretical hydraulic conductivity estimates, and 

243 wood density between root and stem, but higher non-structural carbohydrates content in the 

244 root. Deeper root system and greater root: stem are key woody traits of savanna plants (Durigan 

245 et al. 2012; Zhou et al. 2020), and can potentially explain the similarities, as well as the higher 

246 reserve in carbohydrates (Shultz et al. 2009) in our samples. However, while ray width was 

247 related to wood density, structural wood traits did not explain the non-structural carbohydrates 

248 content, non supporting our expectations. Large cells with thin wall might reduce the space 

249 allocated for other wood cell, whereas non-structural carbohydrates content can be explained 

250 by another storage cell, such as living fibers. We also confirmed our expectation about positive 

251 link between vessel-ray pit traits and theoretical hydraulic conductivity, suggesting the 

252 influence of water availability in the environment can be associated to the processes of cell 

253 expansion (Lin & Soh 1997; Abe et al. 2003), favoring wider conduits and pits, as well as 

254 higher theoretical hydraulic conductivity in the species studied. 

 

255 Structural and functional wood traits patterns between root and stem of cerrado plants 



16 
 

256 Our results show that cerrado woody plants have a similar wood structure and 

257 theoretical hydraulic conductivity (estimated from vessel traits) when compared root to stem. 

258 These findings diverge from previous studies reporting structural wood differences between 

259 root and stem in some cerrado species (Machado et al. 1997, 2007; Marcati et al. 2014). Plants 

260 from the cerrado, compared to other environments, tend to invest in a deeper root system 

261 (greater root: stem) (Schutz et al. 2009; Durigan et al. 2012), as in several species analyzed 

262 here (Rawitscher 1948). In this sense, a plausible explanation is that considering that our 

263 sampling was performed at 30cm depth, plants with deeper roots potentially might tissues with 

264 similar cell sizes in the portions sampled in this study. Additionally, similar traits in species of 

265 different ancestry that share the same environmental selective pressures are also important 

266 because can be interpreted as adaptations to a particular environment (Olson & Arroyo-Santos 

267 2015). Indeed, fire has been the main natural disturbance shaping the dynamics of cerrado 

268 vegetation (Simon et al. 2009; Durigan et al. 2020), mainly by making plants susceptible to 

269 topkill disturbance (Miranda & Sato 2005; Hoffmann et al. 2009). Hence greater investment in 

270 secondary tissue (Larjavaara & Muller-Landau 2010), and for maintaining the woody 

271 functionalities of belowground organs, that may be damaged or lost, impose high costs to the 

272 plant (Schutz et al. 2009; Clark et al. 2013). In this sense, the similarities observed also can be 

273 explained in terms of plants' energetic demands. Thus, species that have a similar structural 

274 investment in root and stem can maintain a minimum structure necessary to sustain the 

275 aboveground vegetative and reproductive parts and for the acquisition of energy resources (via 

276 photosynthesis) while remaining in the environment. 

277 Despite no difference in wood structure between root and stem discussed above, the 

278 plant height of studied plants scales with higher PC2 values (summarizing mainly wider rays). 

279 Our result is in line with previous studies concerning the dynamics of plant growth and 

280 development (Niklas 1994; Poorter et al. 2006; Rosell et al. 2017). However, works related to 

281 patterns of scaling of structural wood traits with plant  size provide more evidence on the 

282 hydraulic perspective and at global scale (e.g., Rosell et al. 2017; Olson et al. 2018). On the 

283 other hand, the observed pattern in cerrado plants is linked to the rays, since the investment in 

284 storage cells is accentuated for savanna than forest species (Outer & van Veenendaal 1976; 

285 Simon & Pennington 2012). In addition to storage, rays also play the  radial translocation 

286 function (Evert 2006; Carlquist 2018). This could favor the radial storage capacity and the 

287 transport over longer distances of sugar, water, or minerals (Morris et al. 2018) for taller plants. 

288 Wood density was also similar between stem and root. Wood density is a key attribute 

289 linked to species survival (Hacke et al. 2001, Chave et al. 2009). While denser wood may 

290 facilitate more resistance to mechanical damage and pathogens (McCarthy-Neumann & Kobe, 
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291 2008; Chave et al. 2009), this investment is energetically costly (Chave et al. 2009). 

292 Furthermore, wood density is linked to the carbon stock of the plant (Brown et al. 1997; Chave 

293 et al. 2009), also given the relationship between lignin content and carbon content (Thomas & 

294 Malczew-ski 2007). Concerning that, lignin is an important organic polymer (composed of 

295 carbon) linked to secondary cell wall formation and rigidity (Schuetz et al. 2014; Liu et al. 

296 2018). In this sense, lower wood density might minimize the energy costs, as mentioned before, 

297 and carbon allocation for wood structure. As consequence, in these species it is possible that 

298 the pattern reflects in carbon economy and allocation for use during periods of post-fire 

299 regrowth, or to supply any other physiological demands. 

300 Compared to the stem, root had a higher content of non-structural carbohydrates, as 

301 expected for plants from fire-prone environments (Simon & Pennington 2012; Diaz-Toribio & 

302 Putz 2021; Ramirez et al. 2021). This result supports the allocation strategy in underground 

303 storage of savanna plants, since deep root systems might lead to higher reserve capacity that 

304 enable faster aboveground recuperation regrowth (Chapotin 1990; Schultz et al. 2009; Clarke 

305 et al. 2013). Nonetheless, our finding is different from those observed by Hofmann et al. (2003), 

306 who reported similar contents of non-structural carbohydrates in the stem and root of cerrado 

307 species. This may be explained by the season of sampling. The non-structural carbohydrates 

308 content is a sensitive trait to seasonal dynamics (Jin et al. 2018). In this sense, while we 

309 collected samples at the beginning of the rainy season (October), Hoffmann et al. (2003) 

310 collected at the peak of this same season (December - January). Given this, we suggest that 

311 non-structural carbohydrates content in our samples had not yet been actively utilized for 

312 growth demands because of the favorable period. On the other hand, our studies provide 

313 evidence that wood is an important tissue for carbon storage for cerrado plants. 

 

314 Relationships among wood traits 

315 We observed a decrease in wood density with higher values of PC2 (i.e., wider rays) 

316 (Figure 5). Our result diverges from expected patterns between wood density and structural 

317 traits, wherein the wood density is associated with fibers properties (Jacobsen et al. 2005, 2007) 

318 and cell wall thickness and lumen size (Pratt et al. 2007; Ziemińska et al. 2013). Overall, these 

319 links consider mainly stem than root, as well as species from diverse environments not just from 

320 savanna (e.g., Martínez-Cabrera et al. 2009; Ziemińska et al. 2013; Dória et al. 2019). 

321 Nevertheless, the negative relationship between wood density and rays features agrees with 

322 Ziemińska et al. (2013), who detected this relationship with ray area and suggested that this 

323 link is explained by drier environmental conditions. Here we interpreted that since rays are also 

324 parenchymatic cells mainly involved with storage function, this investment tends to be 
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325 accentuated for species in savanna environment (Simon & Pennington 2012). Consequently, 

326 wider rays reduce the space allocated for other wood cells. In addition, rays are living cells, and 

327 investment in the secondary cell wall, compared to the other wood cells, is not prioritized (Evert 

328 2006; Carlquist 2018). 

329 Some studies have shown relationships between non-structural carbohydrates content 

330 and parenchymatic cells (Chapotin 1990; Chen et al. 2020; Herrera-Ramirez 2021). In this 

331 study, we did not highlight any relationship between non-structural carbohydrate content and 

332 structural traits. Overall, rays not only storage non-structural carbohydrates but also water, 

333 minerals, and chemical compounds (Plavcová & Jansen 2015). Additionally, although the 

334 living fibers are observed in cerrado species (Sonsin et al. 2014; Herrera-Ramirez et al. 2021) 

335 and is a key trait linked to the storage strategy (Herrera-Ramírez et al. 2021), we did not 

336 measure the amount of living fibers separately. Thus, future studies should investigate whether 

337 the variation in the non-structural carbohydrate content of cerrado plants can be explained by 

338 living fibers. 

339 The estimated theoretical hydraulic conductivity shows a positive relationship with 

340 vessel-ray pits sizes. First, pit size is related to vessel dimensions, specifically cell wall 

341 expansion during maturation (Hacke et al. 2017). Second, water availability reflects in the 

342 processes of cell expansion (Lin & Soh 1997; Abe et al. 2003). Thus, wider vessels and large 

343 pits that are in contact with the rays might be favored by water availability, given that this one 

344 is not a limiting factor for cerrado plants (Ferri et al. 1979). Since the theoretical hydraulic 

345 conductivity estimate is based on vessel diameter, the flow rate should increase proportionally 

346 to the fourth power of the vessel diameter (Tyree & Zimmermann 2002). In this perspective, 

347 higher estimates of the theoretical hydraulic conductivity are increased by larger diameters of 

348 the pits and indicate water transport efficiency. However, we point out that relationships with 

349 traits related to water transport should also consider the pit membrane features due to effect on 

350 water transport over long distances (Sperry et al. 2006; Rosell et al. 2017); and still need to be 

351 more evaluated in cerrado plants. 

352 We would like to emphasize that although this study provides the first evidence 

353 regarding the patterns of structural and functional wood traits and its relationships based on 15 

354 species, these species are frequent (Flora 2020) and represent the most important families of 

355 the Cerrado flora (Heringer et al. 1977; Cavassan 2002). However, also represents less than 1% 

356 of the total of cerrado species (Forzza et al. 2012). Thus, the patterns found at the local scale 

357 represents only part of the pattern that can be distinct for other species of the cerrado to what is 

358 here described. Furthermore, it is important to note that here we only evaluated traits linked to 
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359 wood, a part of the vascular system, but that other traits linked to bark should also not be 

360 excluded for understanding adaptations of the vascular system of cerrado plants. 
 

 

361 Conclusion 

362 Comparing stem and root of 15 species from the cerrado, we show similar data 

363 concerning wood structure, theoretical hydraulic conductivity, and wood density between 

364 organs, but a higher carbon content in the root than stem. Moreover, we found a negative 

365 relationship between wider rays and lower wood density, while structural traits did not explain 

366 the non-structural carbohydrates content. Our findings provide a more integrated knowledge of 

367 storage wood traits and function, highlighting those traits linked to hydraulic demands and 

368 support not seem to be prioritized in a specific organ, since storage traits are directly involved 

369 in the survival strategy of savanna plants (Simon & Pennington 2012). Futures investigations 

370 along the axial axis, as well as considering wood and bark traits simultaneous, should provide 

371 a better understanding of the mechanisms linked to the dynamics of structural and functional 

372 wood aspects of plants from Brazilian Neotropical savanna. 
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Table 1. Information on Cerrado plants sampled. Values represent means ± SD (n = 3). *: diameter at 60 cm aboveground; **: diameter at 15 – 

30 cm belowground. 

Species Family Order Habit Height 

(m) 

Stem diameter 

(cm)* 

Root diameter 

(cm)** 

Aegiphila verticillata Vell. Lamiaceae Lamiales Tree 4.3 ± 1.2 14.7 ± 6.8 3.6 ± 2.2 

Annona crassiflora Mart. Annonaceae Magnoliales Tree 3.8 ± 1.0 15.7 ± 4.0 8.8 ± 1.3 

Caryocar brasiliensis Cambess. Caryocaraceae Malpighiales Shrub 1.8 ± 0.3 5.7 ± 4.0 12.4 ± 3.5 

Casearia silvestrys Sw. Salicaceae Malpighiales Shrub 2.3 ± 0.2 4.7 ± 3.4 1.5 ± 0.4 

Couepia grandiflora (Mart. & Zucc.) Benth. Chrysobalanaceae Malpighiales Tree 3.1 ± 0.8 12.5 ± 1.8 11.9 ± 0.7 

Diospyros lasiocalyx (Mart.) B. Walln. Ebanaceae Ericales Tree 2.7 ± 0.3 9.2 ± 0.8 7.5 ± 0.8 

Eriotheca gracilipes (K.Schum.) A.Robyns Malvaceae Malvales Tree 4.6 ± 1.4 19.3 ± 4.1 13.6 ± 1.6 

Erythroxylum buxos Peyr. Erythroxylaceae Malpighiales Shrub 2.2 ± 0.7 2.7 ± 0.5 2.2 ± 0.3 

Erythroxylum suberosum A.St.-Hil. Erythroxylaceae Malpighiales Tree 2.7 ± 0.8 9.7 ± 2.7 2.7 ± 1.6 

Leptolobium elegans Vogel Leguminosae Fabales Tree 4.5 ± 1.8 13.3 ± 3.1 2.8 ± 1.1 

Myrcia bella Cambess. Myrtaceae Myrtales Tree 4.5 ± 0.9 11.9 ± 0.9 5.7 ± 4.4 

Myrcia guianensis (Aubl.) DC. Myrtaceae Myrtales Shrub 2.1 ± 0.1 2.9 ± 0.3 1.8 ± 0.5 

Piptocarpha rotundifolia (Less.) Baker Asteraceae Asterales Tree 3.0 ± 0.5 14.6 ± 6.1 7.5 ± 5.6 

Qualea grandiflora Mart. Vochysiaceae Myrtales Tree 5.8 ± 1.3 26.7 ± 8.1 13.5 ± 16 

Roupala montana Aubl. Proteaceae Proteales Tree 3.0 ± 0.9 6.3 ± 2.6 6.6 ± 4.5 
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Table 2. List of the wood cell traits measured with their respective units, and type of data 

transformation applied (according to R package "bestNormalize"). 

 
 

Wood cell trait Unit Data transformation 

Vessel element length µm Square root 

Vessel lumen área µm2 - 

Hydraulic vessel diameter µm Log+1 

Vessel grouping nº /vessel group Box-cox 

Vessel density nº mm² Log+1 

Intervessel pit diameter µm Square root 

Intervessel pit aperture µm Square root 

Vessel-ray pit diameter µm Square root 

Vessel-ray pit aperture µm Square root 

Vessel fraction - Square root 

Fiber length µm Box-cox 

Fiber diameter µm - 

Fiber lumen diameter µm - 

Fiber wall thickness µm - 

Fiber fraction - - 

Ray height µm Square root 

Ray width µm Square root 

Ray density nº mm-1 - 

Ray fraction - - 

Axial parenchyma fraction - Square root 
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Table 3. Summary of linear mixed models examining the relationships between functional traits (wood density and non-structural carbohydrates) 

and structural wood traits (represented by the two axes of the PCA), between organs (root, stem) of plants from Cerrado. Plant height was included 

when had significative effect on PC axes. The estimate, standard error (SE), t-value and p-value of fixed factors are show. Individual nested within 

species were considered as random factor. R2
m = variance explained by the fixed factors, R²c = variance explained by fixed and random factors of 

the models. 

Wood density Non-structural carbohydrates content 
 Estimate SE t-value p-value R2

m / R
2
c Estimate SE t-value p-value R2

m / R
2
c 

PC1 + organ 
Organ [stem] 

 
-0.024 

 
0.015 

 
-1.655 

 
0.106 

  
-71.178 

 
11.588 

 
-6.142 

 
<0.0001 

 

 
PC1 

 
-0.000 

 
0.010 

 
-0.020 

 
0.984 

0.01 / 0.64  
8.315 

 
8.943 

 
0.93 

 
0.355 

0.12 / 0.76 

 
 

PC2 + organ + plant_height 

Organ [stem] -0.018 0.015 -1.236 0.2231 

 
PC2 -0.024 0.011 -2.099 0.038 

 

 

 

0.06 / 0.63 

 
-73.721 11.677 -6.313 <0.0001 

 
4.534 10.205 0.444 0.658 

 

 

 

0.11 / 0.76 

Plant_height 0.019 0.012 1.563 0.123 -0.603 11.808 -0.051 0.959 
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Figure 1. Structural wood traits in root (grey) and stem (white) of plants from Cerrado sensu 

stricto. (A) Principal component analysis. Circles refer to organs. Only loadings > 0.15 were 

plotted for each axis. VEl: vessel element length; Rd: ray density; Rh: ray height; Rw: ray width. 

(B) Comparison of wood structure summarized by the scores of PCA components between 

organs. PC1 refers to combination of ray height, width, and density; PC2 refers to combination 

of ray width, vessel element length, and ray density. Cross represent mean values; lower and 

upper box limits represent the 25th and 75th percentiles; the vertical line represents the minimum 

and maximum values; and dots represent outliers. Non-significative (ns) differences were 

detected according to linear mixed models with random factor as species nested with individuals 

(see Table S3 for statistical details). 
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Figure 2. Comparison of functional wood traits between organs of Cerrado plants. Colors refer 

to root (grey) and stem (white). Cross represent mean values; lower and upper box limits 

represent the 25th and 75th percentiles, and the vertical line represents the minimum and 

maximum values; dots represent outliers. Significant differences are shown according to linear 

mixed models with random factor species nested with individuals. ns: non-significative. 
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Figure 3. Starch storage contrast in light microscopy (A, C) and polarized light (B, D) in root 

and stem wood in Casearia sylvestris from Cerrado. Starch grains are present in axial 

parenchyma, rays, and living fibers cells, but with higher amounts in the root (dashed area in D). 

Scale bar = 50 μm (A, B, C, D). 
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Figure 4. Relationships between structural wood traits (described by the first and second scores 

of PCA axes) and functional traits (wood density and non-structural carbohydrates content) 

between root and stem. PC1 refers to combination of higher ray height and width (positive 

values), with higher ray density (negative values); PC2 refers to combination of higher ray width 

(positive values), with higher vessel element length and ray density (negative values). Grey 

points (light: stem; dark: root) refer to significant differences between organs (p < 0.0001). 

Individuals nested within species were considered as random factor of the mixed models. R2
m 

(variance explained by the fixed factors), R²c (variance explained by fixed + random factors), 

and p-value of each model are shown (see Table 3 for statistical details). 
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Figure 5. Relationships between theoretical hydraulic conductive and vessel-ray pit traits. Points 

refer to woody samples (root, stem) from Cerrado plants. Individuals nested within species were 

considered as random factor of the mixed models. R2
m (variance explained by the fixed factors), 

R²c (variance explained by fixed + random factors), and p-value of each model are shown. Data 

from 15 species with three replicates per organ were include, except from root samples of 

Aegiphila verticillata and Casearia silvestrys due higher values of theoretical hydraulic 

conductivity. 
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SUPPLEMENTARY MATERIAL 

Table S1. Structural and functional wood traits measured of stem and root from 15 Cerrado species (n= 3 individuals per species). SE= standard 

error; Min = minimum value; Max = maximum values. 

 
 

Wood traits 
Root Stem 

 Mean ± SE Min. Max.  Mean ± SE Min. Max. 

Structural        

Vessel element length (µm) 385.42 ± 18.68 195.20 695.10  388.82 ± 17.31 195.10 640.5 

Vessel lumen área (µm2) 9989.80 ± 1486.44 869.10 43643.30  9525.10 ± 1230.63 227.10 34424.40 

Hydraulic vessel diameter (µm) 76.32 ± 6.25 25.26 182.03  76.55 ± 5.39 13.28 161.21 

Vessel grouping (nº /vessel group) 5.07 ± 0.59 0.30 17.20  5.84 ± 0.72 0.25 23.20 

Vessel density (nº mm²) 34.63 ± 6.44 1.70 193.63  35.32 ± 6.32 3.00 164.70 

Intervessel pit diameter (µm) 3.38 ± 0.32 1.99 11.05  3.67 ± 0.30 1.37 10.28 

Intervessel pit aperture (µm) 2.05 ± 0.30 0.91 9.27  2.26 ± 0.30 0.65 9.12 

Vessel-ray pit diameter (µm) 4.22 ± 0.50 2.21 15.83  4.27 ± 0.44 1.25 14.42 

Vessel-ray pit aperture (µm) 2.81 ± 0.42 0.99 10.93  3.03 ± 0.40 0.62 11.04 

Vessel fraction 0.16 ± 0.02 0.05 0.67  0.15 ± 0.02 0.11 0.31 

Fiber length (µm) 1041.40 ± 59.01 395.90 2133.50  1065.80 ± 51.51 658.90 2147.80 

Fiber diameter (µm) 24.15 ± 0.82 16.42 43.97  23.71 ± 0.77 15.23 38.39 

Fiber lumen diameter (µm) 9.70 ± 0.74 6.42 28.90  9.64 ± 0.68 5.17 22.36 

Fiber wall thickness (µm) 6.71 ± 0.24 3.01 9.94  6.49 ± 0.21 3.47 9.71 

Fiber fraction 0.30 ± 0.02 0.01 0.65  0.37 ± 0.02 0.30 0.67 

Ray height (µm) 814.0 ± 135.42 122.20 5214.80  662.20 ± 107.51 198.10 2567.10 

Ray width (µm) 101.79 ± 16.86 11.06 486.04  132.18 ± 34.09 27.69 1511.74 

Ray density (nº mm-1) 9.26 ± 0.77 1.80 24.57  8.66 ± 0.74 4.10 21.17 

Ray fraction 0.36 ± 0.02 0.09 0.61  0.28 ± 0.01 0.22 0.47 

Axial parenchyma fraction 0.22 ± 0.02 0.10 0.66 
 

0.17 ± 0.01 0.11 0.40 

 



35  

 

 

 
Table S1. Continued. 

 
 

Wood traits 
Root Stem 

 Mean ± SE Min. Max.  Mean ± SE Min. Max. 

Functional 

Theoretical hydraulic conductivity (Kg s−1 m−1 Mpa-1) 

 
37.67 ± 12.25 

 
0.06 

 
464.10 

  
18.51 ± 2.63 

 
5.56 

 
84.72 

Wood density (g/cm³) 0.54 ± 0.02 0.21 0.79  0.51 ± 0.01 0.33 0.74 

Non-structural carbohydrates (mg/g) 224.85 ± 16.74 53.66 523.39  156.20 ± 14.02 51.46 425.42 

Starch (mg/g) 173.00 ± 16.47 27.45 476.90  108.63 ± 13.66 15.59 371.24 

Soluble sugar (mg/g) 52.05 ± 5.00 11.57 186.03  47.86 ± 4.83 13.96 175.62 
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Table S2. Principal component analysis (PCA) summary of structural wood traits. Values in 

bold indicate the variables more correlated with each principal component (loadings > 0.15). 

 
 

PC1 PC2 
 

Eigenvalue 123.94 28.20 
 

Variation explained (%) 68.70 15.63 

Cumulative variance (%) 68.70 84.33 

Loadings   

(sqrt) Vessel element length 0.0068 -0.3868 

(log+1) Hydraulic vessel diameter 0.0093 0.0328 

(sqrt) Intervessel pit diameter 0.0010 0.0111 

(sqrt) Intervessel pit aperture 0.0121 0.0239 

(sqrt) Vessel-ray pit diameter -0.0006 -0.0127 

(sqrt) Vessel-ray pit aperture 0.0095 -0.0049 

(log+1) Vessel density -0.0135 -0.0503 

(box-cox) Vessel grouping -0.0001 -0.0171 

(sqrt) Vessel fraction -0.0005 0.0005 

(box-cox) Fiber length 0.0373 0.0441 

Fiber wall thickness 0.0232 -0.0666 

Fiber fraction -0.0011 0.0003 

(sqrt) Axial parenchyma fraction -0.0023 0.0034 

Ray fraction 0.0043 -0.0026 

Ray density -0.1855 -0.8060 

(sqrt) Ray height 0.9580 -0.2359 

(sqrt) Ray width 0.2125 0.3658 
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Table S3. Summary of linear mixed models testing structural (represented by the two axes of 

the PCA) and functional wood traits mean differences between organs (root, stem) of plants 

from Cerrado. The estimate, standard error (SE), t-value and p-value of fixed factors are show. 

Individual nested within species were considered as random factor.  

 

 

Wood trait 
Fixed factor [stem compared to root] 

Estimate (CI – 95%) t-value  p-value 

Structural     

PC1 -0.1754 (-0.45– 0.10) -1.267 0.205 

PC2  0.24 (-0.03 – -0.51) 1.760 0.078 

Functional     

(log+1)Theoretical hydraulic conductivity 0.06 (-0.36 – 0.48) 0.265 0.791 

Wood density -0.02 (-0.05 – 0.00) -1.715 0.086 

Non-structural carbohydrates content -72.63 (-95.07 – -50.19) -6.344 <0.001 



 

m c m c 

 

 

 
Table S4. Summary of linear mixed models testing the effect of plant size (organ diameter, plant height) on wood structure (represented by the 

two PCA axes scores) of plants from Cerrado. In all models, organs were also included as fixed categorical factor (two levels: root and stem), and 

individuals nested in species were considered as a random variable. Individuals nested within species were considered as random factor. The 

estimate, standard error (SE), t-value and p-value of fixed factors are show. R2
m = variance explained by the fixed factors, R²c = variance explained 

by fixed and random factors of the models. 

 
 

PC1 PC2 
  

Estimate SE t-value   p-value R2  / R² Estimate SE t-value p-value R2 / R² 

Organ diameter 

organ [stem] -0.164 0.154 -1.071 0.284 

organ_diameter -0.000 0.005 -0.154 0.877 

 
0.005 / 0.72 

0.068 0.156 0.439 0.661 

0.014 0.005 2.681 <0.01 

 
0.08 / 0.66 

 

Plant height 

organ [stem] -0.174 0.138 -1.264 0.213 

plant_height -0.093 0.123 -0.764 0.449 

 

 
0.01 / 0.72 

 

0.239 0.137 1.744 0.088 

0.527 0.092 5.688 <0.0001 

 

 
0.36 / 0.72 
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Figure S1. Stem and root wood, in transversal section, of Cerrado species studied. Scale bars= 

200 μm. 
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Figure S1. Continued. 
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Figure S1. Continued. 
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Figure S2. Relationship between plant height and PC2 scores (combination of higher ray width 

(positive values), with higher vessel element length and ray density (negative values)) of 

Cerrado plants. Organs were also included as fixed categorical factor (two levels: root and 

stem), and individuals nested in species were considered as a random variable. R2
m (variance 

explained by the fixed factors), R²c (variance explained by fixed and random factors), and p- 

value are shown. 
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