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Key message 

Sapwood area and the radial growth rate of the trunk follow the same pattern at breast height, with an initial increase and 

subsequent constant value, resulting from the increasing growth allocation toward the crown rather than tree decline. 

Heartwood area and heartwood volume in the trunk increase more rapidly after this shift occurs. 

Abstract 

Sapwood (SW) and heartwood (HW) are two functionally distinct classifications of wood in perennial stems for which 

quantities can vary greatly in tropical trees. Numerous positive correlations have been found between the radial growth rate 

(RGR) and SW quantity; however, variations in the SW/HW quantities have not been studied in light of the ontogenetic 

variation of RGR. Wood core sampling, intensive measurements of tree structure (number of branches, stem volumes), and 

radial growth monitoring were performed on an abundant and highly exploited tree species in French Guiana (Dicorynia 

guianensis) to investigate the relationship between RGR, SW/HW quantity, tree structure, and their variations on the course of 

a tree’s ontogeny. SW area and RGR followed the same pattern of variation throughout tree development, both increasing first 

and reaching a steady state after 50 cm DBH (diameter at breast height). After this value, we observed a strong increase in both 

the HW area and HW volume increment, concomitant with a more rapid increase in crown volume. The stabilization of RGR 

for trees with DBH >50 cm was related not to a tree’s decline but rather to an increasing wood allocation to the crown, 

confirming that RGR at breast height is a poor indicator of whole-tree growth for bigger individuals. We also confirmed that 

HW formation is an ontogenetic process managing SW quantity that is continuously and increasingly produced within the 

crown as the tree grows. This study highlights the effect of growth-mediated ontogenetic changes on the localization of water 

and carbohydrate storage within a tree, resulting from SW and HW dynamics throughout tree ontogeny. 

Keywords: tropical tree, sapwood, heartwood, growth allocation, ontogeny, Dicorynia guianensis 

______________________________________________________________________________________________________

Introduction 

Sapwood (SW) and heartwood (HW) are two 

functionally distinct classifications of wood in perennial 

stems. SW conducts water (Gartner 1995) and stores 

both carbohydrates and water (Hillis 1987) whereas SW 

is a sink tissue that consumes sugars for its daily 

metabolism through respiration (Bamber 1976). 

Therefore, by managing the SW quantity in the stem as 

a tree grows (Bamber 1976), HW formation maintains 

tree energetic balance. HW also protects the central part 

of the stem by its impregnation of secondary 

compounds during its formation (Hillis 1987). This last 

characteristic makes HW the most valuable part of the 

tree in the timber industry. However, the quantities of 

SW/HW in tree species of commercial importance that 

grow in natural forests can vary greatly (Cirad 2011). A 

better understanding of SW/HW dynamics and the 

variation of their quantities during tree development 

could enable the timber industry to more accurately 

select trees for commercial exploitation, increasing 

profitability and reducing the impact on ecosystems. 

Due to its hydraulic function, SW quantity is used as a 

predictor of tree foliar area (Morataya et al. 1999; 

White 1993; Whitehead et al. 1984). The ratio of foliar 

area to SW area is also a common measure of the 

balance between transpiration and stem water supply 

(McDowell et al. 2008; Pérez-Harguindeguy et al. 

2013) and an important trait contributing to plants’ 

water-use strategies (Wright et al. 2010). However, SW 

area (SWa) is not based solely on water conduction, 

especially in angiosperm species (Spicer and Holbrook 

2005). Inner, non-conductive SW can remain alive to 

store carbohydrates, water, and nutrients resorbed 

during HW formation (Bamber and Fukazawa 1985; 
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Goldstein et al. 1998). HW is the inner part of the stem 

that no longer contains living cells. Carbohydrates 

stored in the SW are exported to another part of the 

plant body or converted into chemicals that impregnate 

the cell wall during HW formation (IAWA 1964). HW 

formation has been hypothesized as an ageing process 

(Frey-Wyssling and Bosshard 1959; Yang 1990; 

Zimmermann 1983) and a developmental process, 

which maintains SW at optimum physiological levels 

(Bamber 1976; Bamber and Fukazawa 1985); A recent 

review of HW formation (Kampe and Magel 2013) and 

a study on plant physiology (Spicer and Holbrook 

2005) confirmed the second hypothesis, and HW 

formation is now widely considered to be an active 

process regulating tissue quantity dedicated to 

carbohydrates and water storage (Bamber 1976). 

Non-structural carbohydrates (e.g., starch) are 

preferentially stored in roots, branch stumps, crown 

branches, twigs, and leaves (Barbaroux et al. 2003; 

Bazot et al. 2013). Recent studies have revealed that 

carbohydrates are stored according to both ‘young’ 

(outermost wood rings) and ‘old’ (innermost) pools 

(Richardson et al. 2015; Richardson et al. 2013), which 

are respectively used for growth and daily metabolism 

(Carbone et al. 2013) and for regeneration of stems and 

roots (Carbone et al. 2013; Vargas et al. 2009). Trees 

store water in the embolized vessels of the trunk, 

intracellular space, fibers (Meinzer et al. 2008; Tyree 

and Yang 1990), as well as axial parenchyma and rays 

in the SW (Holbrook 1995; Meinzer et al. 2003; Scholz 

et al. 2007). As trees grow, their daily reliance on stored 

water in the stem increases to meet the high evaporative 

demand for a longer fraction of the day than smaller 

trees and to prevent or repair embolism formation 

(Goldstein et al. 1998; Meinzer et al. 2004). Several 

studies have shown that more stored water is drawn 

from the crown than the trunk (Cermak et al. 2007; 

Schulze et al. 1985). The crown appears to be very 

important as a storage compartment.  

Several factors (e.g., tree age, site conditions, genetics, 

diseases, and silvicultural treatments) influence SW and 

HW quantity in trees (reviewed in Taylor et al. (2002)). 

Such a diversity of  factors may also impact the tree 

radial growth rate (RGR in cm/year) and could, in turn, 

explain numerous positive correlations between RGR 

and SW area or thickness in conifers and angiosperms 

tree species (Bamber 1976; Busgen and Munch 1929; 

Carrodus 1972; van der Sande et al. 2015). Variations 

in SW quantity may be seen as driver of tree RGR 

rather than simply a consequence of RGR variations by 

managing wood volume that stores water, thereby 

allowing more persistent water supply to the crown 

during the course of the day (Galván et al. 2012; van 

der Sande et al. 2015). However, there are also 

examples of negative correlations between RGR and 

SW quantity (reviewed in (Hillis 1987)), suggesting 

that the occurrence of both negative and positive 

correlations may be due to a poor understanding of 

growth allocation hierarchies (Taylor et al. 2002). 

The relationship between RGR and tree size is generally 

modeled as a “hump-back” curve, suggesting that RGR 

increases until the tree reaches an optimal size and then 

declines (Canham et al. 2004; Hérault et al. 2011). 

Efforts have recently been made to understand RGR at 

the species level (Hérault et al. 2011; Poorter and 

Bongers 2006; Wright et al. 2010) using climatic 

factors or functional traits averaged to particular 

species. However, very few studies have explained 

RGR by allocation strategies independent of abiotic 

factors (temperature, light, water availability). For 

example, it has been observed that RGR declines with 

age or tree size, while crown growth rate continues to 

increase (Sillett et al. 2010; Van Pelt and Sillett 2008). 

These findings could explain why the accumulation rate 

of carbon increases continuously with tree size 

(Stephenson et al. 2014). We then hypothesized that the 

decrease of RGR in older/larger trees (Meinzer et al. 

2011; Wirth et al. 2009), may partially result from a 

shift in biomass allocation during tree ontogeny rather 

than from tree decline. 

Variations in SW/HW quantities have not been studied 

throughout a tree’s ontogeny, especially in light of the 

ontogenetic variation of RGR.  

Because SW quantities are often positively correlated 

with RGR (Bamber 1976; Busgen and Munch 1929; 

Carrodus 1972; van der Sande et al. 2015), we expect 

that (1) both follow the same pattern of variation 

according to tree size and (2) if a shift between trunk 

and crown growth is observed, it will result in the 

accumulation of newly formed energy consuming SW 

in the crown, thus triggering the accumulation of HW. 

Moreover, as HW forms from the ground to the tree top 

(Climent et al. 2003; Hatsch 1997; Pinto et al. 2004), 

we also expect that the main proportion of SW moves 

from the trunk to the crown as the tree grows.  

Measuring tree growth and size at breast height is not 

an accurate measure as it fails to take into account stem 

volume or biomass growth of the whole tree (Sillett et 

al. 2010; Van Pelt and Sillett 2008). Therefore, 

understanding variations of RGR and SW/HW 

quantities requires an individual-based approach (Clark 

et al. 2011) coupled with intensive measurement of tree 

structure (Sillett et al. 2010). Here, we examine the 

relationships among the crown/trunk dimensions, RGR, 
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and SW/HW quantities, in different dimensions (area 

and volume in trunk), in individual trees at different 

developmental stages. 

Our objectives were (1) to investigate the relationship 

between RGR at breast height and whole-tree structure, 

(2) to identify structural tree characteristics that indicate 

the moment at which growth at breast height ceases to 

be indicative of real growth, (3) to relate these results to 

SW/HW quantity variations and their locations on the 

course of a tree’s ontogeny, and finally (4) to discuss 

the effects of ontogenetic variations of SW/HW 

locations on tree function. 

For age-known trees (e.g., plantation growing trees), 

RGR is easily estimated. However, it is difficult to 

estimate RGR for trees growing in natural stands (i.e., 

in which tree ages are unknown) without census 

protocol or dendrochronological assessment. Therefore, 

we decided to work within monitored forest plots to 

obtain estimates of tree RGR. 

For this study, we chose Dicorynia guianensis 

(Fabaceae; trade name: Basralocus), an endemic species 

of the Guiana shield (Koeppen 1967), representing 

more than 50% of the timber production in French 

Guiana (Brunaux et al. 2009), which also plays an 

important role in carbon sequestration and in the 

production of biomass in the Amazonian forest 

ecosystem (Fauset et al. 2015; Ter Steege et al. 2013); 

Within this species, SW thickness varies between 2 and 

10 cm (Cirad 2011). Because SW conducts less water 

with age in angiosperm species (Spicer and Gartner 

2001) and water conductive SW is reduced to the first 

2-4 cm in some representative Legumes (Reyes-García 

et al. 2012), this species is expected to conserve a 

considerable SW quantity dedicated to water, 

carbohydrates, or precursors of extractive storage 

(Taylor et al. 2008). The expected trade-off between 

storage and conduction of SW, its abundance, and its 

local commercial importance make this tree species an 

ideal candidate for the ontogenetic study of HW/SW 

dynamics. 

The data were collected using intensive measurements 

(Sillett et al. 2010; Van Pelt and Sillett 2008) of tree 

structures and by collecting wood cores. We also used 

radial growth measurements taken over a 30-year 

period. From these data, we were able to calculate stem 

traits (RGR, SW and HW area at breast height, and 

cross-sectional area at breast height (CSA)) and 

structural tree traits (height, stem volume of trunk and 

crown, and number of branches). The results are 

discussed with a whole-tree perspective, taking into 

account the multi-functional aspects of SW and HW, 

their variations in different parts of the tree, and their 

links with RGR on the course of a tree’s ontogeny. 

After estimating the average allometric trajectories of 

the different tree compartments (crown/trunk, SW and 

HW), we will discuss the dynamics of SW and HW 

increment with regards to the dynamics of tree volume 

increment. 

 

Materials and Methods 

Study species 

Dicorynia guianensis. Amsh. (Fabaceae) is one of the 

area’s most abundant species (Gourlet-Fleury et al. 

2004). This emergent semi-tolerant tree can establish in 

the understory as well as in clearings (Favrichon 1994). 

It can reach 50 m in height and a diameter at breast 

height (DBH) of 120 cm. The tall juvenile individual 

growing in the forest canopy mainly bears plagiotropic 

sequential axes and two or more vertical reiterated axes 

in the submittal part of the trunk. These last branches 

may be considered as the future scaffold branches of the 

adult tree crown (Fig. 1) (see Drénou (1988) for a 

detailed description. In cross-section, the brown HW is 

clearly demarcated from the much lighter SW. The HW 

is mainly used for carpentry, flooring, and interior 

paneling, and it has convenient technological properties, 

such as relatively low volumetric shrinkage (5.1%), 

relatively high modulus of rupture (121 MPa) (Cirad 

2011)and good but variable natural durability (Amusant 

et al. 2014). Study site 

The Paracou experimental site (5°18’N, 52°53’W) is a 

“terra firme” rain forest belonging to the 

Caesalpiniaceae facies (Sabatier and Prévost 1990), a 

typical forest type of French Guiana (Ter Steege et al. 

2006). The site has a tropical climate. The dry seasons 

are mid-August to mid-November and March-April. 

The mean annual rainfall is 3041 mm. A complete and 

regular inventory of the DBH of all trees ≥10 cm was 

taken in permanent plots (125 ha in total). 

Sampling trees 

In total, 88 canopy trees (crown position index = 3 to 5; 

Dawkins 1958) with a wide range of DBH (0.2 to 1 m) 

were sampled; 71 were monitored trees from permanent 

plots at Paracou, and 17 were from a free-sampling area 

in the same station (Table 1). 

Sapwood-Heartwood measurements 

Using a manual increments borer, we collected 2 

diametrically opposed wood cores per tree. In the case 

of leaning trees, cores were collected perpendicular to 

the leaning axis. For each core, we measured bark (Bt1 

and Bt2 in mm converted to cm) and SW thickness (SWt1 

and SWt2 in mm converted to cm). For small trees (DBH 
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< 25 cm), we collected only one wood core which did 

not extend through the entire tree. The following 

variables were calculated (see Table 2, for a list of all 

abbreviations used in this study): 

Cross-sectional area (CSA), in cm²: 

CSA = π * (DBH/2)² 

Heartwood (HWd) diameter, in cm: 

HWd = DBH - (SWt1 + SWt2 + Bt1 + Bt2) 

Sapwood (SWt) thickness: 

SWt = (SWt1 + SWt2)/2, in cm. 

Then, we used these variables to calculate the following 

variables: 

Heartwood area (HWa), in cm²: 

HWa = π * (HWd/2)² 

Sapwood area (SWa), in cm²: 

SWa = (DBH/2 - µ(Bt1,Bt2))² * π – HWa 

Sapwood area to heartwood area ratio (SWaHWa), in 

cm²/cm²: 

SWaHWa = SWa/HWa 

 

 
Fig. 1. The architectural stages of development studied for 

Dicorynia guianensis. A tall juvenile tree (a) bearing 

plagiotropic axes and two vertical reiterated axes that are 

considered the future scaffold branches (arrow) and an adult 

canopy tree (b) compounded by a green crown in its 

peripheral part, made from living reiterated branches (LRB, 

dashed lines) borne by a crown composed of leafless 

branches and shed branch indicators (stumps). The trunk is 

the stem portion between the ground and the first living 

branch that supports the whole crown (crown and green 

crown). Adapted from Roggy et al. (2005) and Drénou (1988) 

with permission from the authors. 

Analysis of Heartwood-Sapwood tapering 

and heartwood volume in trunk 

We felled 11 of the 17 trees from the free-sampling area 

to study the variation of HW and SW volume, in the 

trunk (HWvol and SWvol, respectively) and the SWa to 

HWa (SWa:HWa) ratio along the tree. For each tree, we 

collected wood discs from the trunk at breast height 

(130 cm), at 3 m, and at every additional 3 m until the 

main fork. We also collected wood discs from the 

crown: 1 or 2 from smaller trees or 3 or 4 from larger 

trees. We recorded the position and height of each disc 

within the crown structure. 

In the laboratory, each disk was planned using a surface 

planer, and digital photographs were taken of each disk 

with a scale for reference. ImageJ (Rasband 2012) 

software processing was used to analyze digital 

photographs and estimate the mean HW, SW, and bark  

thickness of each disc. These measurements enabled us 

to calculate the HWa, SWa, and bark area of each disc; 

the HW, SW, and bark volume within the trunk 

(Appendix A); and to graphically represent the 

SWa:HWa  along the tree. From the 6 unfelled trees, 3 

had been topped for another experiment; thus, from 

these trees, one wood disc just below the fork and two 

cores at breast height were collected to calculate 

HWvol, SWvol, and bark volumes. 

Radial growth rate calculation 

RGR was calculated as the slope coefficient extracted 

from regression analysis of CSA against 30 years of 

measurements for each tree (cm²/year). All regressions 

were visually inspected to detect potential non-linearity 

of the relationship between CSA and years of 

measurement that could lead to error of the RGR 

estimation. For large trees, the height at which the 

diameter was measured was occasionally raised to 

avoid swollen trunk bases. If the height at which the 

DBH was measured had been raised during the last 5 

years, the RGR was calculated from measurements 

taken prior to rising. If the height at which the DBH 

was measured was raised during the 5 first years of 

measurements, the RGR was calculated from 

measurements taken after rising. 

Tree crown assessment 

We identified possible declining trees using a 

previously published crown fragmentation assessment 

method (Rutishauser et al. 2011). Because liana 

infestation (LI) has no significant effect on D. 

guianensis tree growth (Rutishauser et al. 2011), we did 

not score it; thus, the assessment was restricted to three 

indexes: crown position (CP), main branch mortality  
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Table 1 Sampled trees, methods and type of measures. 

 Permanent plots Free-sampling area 

 N=71 N =17 

Types of measures N=42 N=29 N=14 N =3 

Height and DBH X x x x 

Crown assessment X x x x 

Growth rate X x   

Structural description X  x x 

Heartwood-sapwood profile at BH X x x x 

Heartwood-sapwood tapering   x  

 

Table 2 List of traits used in this study and their abbreviations. 

Stem traits DBH Diameter at breast height (cm) 

 CSA Cross-sectional area at breast height (cm²) 

 CSAUF Cross-sectional srea under fork (cm²) 

 SWt Sapwood thickness at breast height (cm) 

 SWa Sapwood area at breast height (cm²) 

 HWd Heartwood diameter at breast height (cm) 

 HWa Heartwood area at breast height (cm²) 

 SWa:HWa Ratio of Sapwood area to Heartwood area 

 HWvol Heartwood volume in trunk (m
3
) 

 Tvol Trunk volume 

 SWvol Sapwood volume in trunk (m
3
) 

 SWvol:HWvol Ratio of Sapwood volume in trunk to Heartwood volume in trunk 

 RGR Radial growth rate (cm²/year) 

Structural traits H Tree height (m)  

 VolC Crown stems volume from the first living branches (m
3
) 

 VolT Trunk volume  until the first living branches (m
3
)  

 VolTot Total volume of all stems (m
3
) 

 nARB Number of absolute reiterated branches 

 nLRB Number of living reiterated branches 

 nDRB Number of dead reiterated branches 

 pDRB Proportion of dead reiterated branches according to nARB 

 

(MB; “scaffold branch mortality”) and secondary 

branch mortality (SB) (see Rutishauser et al. (2011), for 

a detailed description). 

Measuring the structure of large trees 

Quantitative and topological descriptions were used to 

classify tree parts for measurement and to record the 

relative positions of stems that compound each part. We 

divided the tree structure into three parts: trunk, crown, 

and green crown (Fig. 1b). The green crown was 

defined as all living reiterated branches of 10 cm basal 

diameter. Professional tree climbers identified and 

visually assessed the length of each living reiterated 

branch of 10 cm and recorded their total number. For all 

trees, assessment of living reiterated branches of 10 cm 

basal diameter captured almost the whole green crown. 

However, branches with a basal diameter between 8 and 

10 cm can be of varying importance in the green crown 

regardless of the size of the tree. 

To rationally include these smaller branches, an 

‘equivalent number of LRB’ per tree (eqnLRB) was 

calculated by dividing the sum of their sectional area by 

the sectional area of a stem of 10 cm of diameter. 

Finally, the number of LRB was added to the eqnLRB 

to calculate the total number of living reiterated 

branches per tree per green crown (nLRB). When the 

tree climbers completed the LRB assessment, they 

broke down the crown into stem units. A stem unit was 

defined as a linear stem portion delimited by a basal and 

distal branching event. The tree climbers measured the 

length, basal, and distal circumference of each stem unit 

as well as the trunk. The circumference at the trunk top 
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(i.e., under the fork) was used to compute the cross-

sectional area under the fork (CSAUF). For each 

described tree, we obtained a topological description 

allowing for calculation of crown stems (VolC) and 

trunk volume (VolT). Five of the felled trees (DBH >25 

cm) were described by tree climbers before felling, and 

the 6 remaining were described on the ground after 

felling. 

Tree crown structure was also described according to 

processes of branch mortality in the growing crown. We 

developed a new method to measure crown branch 

stumps to quantify the number of branches shed during 

tree development. Each stump diameter was measured 

by a professional climber. These measurements were 

used in a series of equations (Appendix B), involving 

diameter of dead branches inside the stump, bark 

thickness, and the relationship between the number of 

LRB of 10 cm of diameter and the diameter of the 

bearing stem, allowing us to estimate the number of 

dead reiterated branches (nDRB) per tree. This gave the 

absolute number of reiterated branches (nARB = nLRB 

+ nDRB) and the proportion of dead reiterated branches 

(pDRB) compared to nARB. 

Branch stumps in individual trees were classified 

according to two states of healing: ’healed,’ defined as 

completely covered with a layer of healing wood; or 

‘not-healed,’ defined as partly or not at all covered with 

a layer of healing wood. The state of healing provides 

time indices for branches shed; therefore, we could use 

proportions of healing states within individual trees to 

indicate branch mortality dynamics. 

Data compilation and variable extraction 

We encoded tree structure data in a spreadsheet using 

the Multiscale Tree Graph format (MTG) (Godin and 

Caraglio 1998). We calculated variables (i.e., VolC, 

VolT, nARB, nLRB, nARB, nDRB, and pDRB) (Table 

2) with AMAPmod software (Godin et al. 1997) in 

Python 2.7 programming language. 

Analysis 

R software (R-Core-Team 2013) was used for the 

statistical analysis. Our main purpose was to give a 

precise description of the relationships between 

variables when they are non-linearly related. We 

avoided the use of log-transformed predictors and/or 

response variables, generally used in allometric studies 

(Warton et al. 2006), that linearize relationships 

between variables and hide the point (e.g., peculiar tree 

size in this case) for which a gradual shift can occur. 

However, for some relationships, log-log linear models 

provided the best fits (Appendix C). In that case, the 

results were plotted on arithmetic scales. Thus, we 

proceeded to both linear and non-linear fittings with 

lm() and nls() functions in the ‘base’ package, using 

classical linear and non-linear (power or exponential 

function) models, or commonly-used growth models as 

Canham, Gompertz, Weibull, or Logistic (see 

Supplementary Information 1 in Hérault et al. (2011)). 

For each fitted model we assumed that residual error 

distribution followed a standard linear model 

hypothesis. For some fitted models, we calculated 

confidence and prediction bands by bootstrap re-

sampling using 1000 iterations. For each model, we 

assessed variance homoskedasticity and normality of 

residuals using diagnostic plots and appropriate 

statistical tests. Parameter values and their confidence 

intervals as well as the significance of all fitted models 

are available (Appendix C). 

Estimating increment dynamics of the 

different tree compartments according to different 

dimensions 

Having identified the mean trajectories of the different 

tree compartments, we were able to separately compute 

CSA and HWa annual increments as well as the annual 

increments of VolTot, VolT, VolC, and HWvol 

throughout a tree’s ontogeny. These calculations 

allowed the translation of a set of static observations in 

a dynamic vision of tree increments with regard to 

heartwood formation. 

Practically, we first set a vector of ages,    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗       , as 

   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗                             , with n=200 

years. 

We then assumed that at     , the tree has a CSA = 

314 cm² (i.e., the area corresponding to DBH = 20 cm) 

to fit with the range of sizes sampled in this study. 

Knowing the mean trajectory of RGR according to 

CSA, we computed a vector of n CSA values,    ⃗⃗⃗⃗ ⃗⃗ ⃗⃗   

   ,  with components named c, as 

    =                     

with            equal to the annual increment 

produced by a tree of       . 

Then, we used each component of    ⃗⃗⃗⃗ ⃗⃗ ⃗⃗   to compute 

different vectors of length n corresponding to the 

different variables of interest by using the different 

equations developed in this study. The annual increment 

of each variable of interest was computed by 

subtracting each component to the previous component 

within each vector. 
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Fig. 2 Heartwood area (HWa) (a), Sapwood area (SWa) (b), 

and SWa:HWa ratio (c) as functions of CSA. Red solid lines 

represent the observed fit, red dashed lines represent 

confidence, and black dashed lines represent prediction band. 

HWa against CSA (a) was fitted with a power function, SWa 

against CSA (b) was fitted with the Gompertz growth 

function, and the SWa:HWa ratio fitted with exponential 

decrease function against CSA (c); the gray horizontal line 

represents SWa:HWa =1 (N=88). 

 

As the increment of SW is the result of the joint effects 

of HW formation and tree growth, we computed the 

evolution of SW quantities according to age as the 

difference between stem size (i.e., CSA or VolT) and 

HW amount (i.e., HWa or HWvol). SW annual 

increment was calculated in the same way as the other 

variables. The same procedure was also applied to 

estimate the annual increment of DBH, HWd, and SWt. 

In this way, we obtained a precise picture of the 

increment dynamics of the whole-tree, SW, and HW 

through different tree dimensions (i.e., diameter, area, 

and volume). 

Results 

Heartwood, Sapwood area, and CSA 

There was a clear positive and non-linear relationship 

between both HWa and SWa and CSA (Fig. 2a and b). 

As best fitted by a power function, HWa increased 

monotonically as CSA increased (Fig. 2a), whereas the 

Gompertz function suggests that SWa increased first 

and then reached an asymptotic value of 1195 cm² (Fig. 

2b). 

The SWa:HWa ratio was higher in small trees and 

decreased exponentially with CSA (Fig. 2c). HWa and 

SWa were similar for DBH, approximately 52 cm (CSA 

= 2137 cm²). SWa:HWa still decreased after this point 

but rapidly reached an asymptotic value (Fig. 2c). This 

observation is consistent with the linear increase of 

HWa with CSA for trees with DBH >50 cm (CSA 

>2000 cm²) (HWa = -829.3 + 0,85 * CSA p.v=0.001, 

R²=0.95) (Fig. 2a) and the asymptotic behavior of SWa 

for the same CSA range. 

RGR, SW/HW and CSA 

As SWa, RGR against CSA was best fitted by the 

Gompertz model (Fig.3). RGR increased first and then 

reached an asymptotic value of 31 cm²/year for trees 

with DBH >56 cm (CSA >2500 cm²). The same pattern 

of variation of both SWa and RGR with CSA was also 

supported by the observation that high SWa 

corresponded to high RGR (Fig. 4). 



 
 

Lehnebach et al. 2016 – Author’s version 

This is a post-peer-review, pre-copyedit version of an article published in Trees – Structure and function. The final authenticated version is 
available online at: http://dx.doi.org/10.1007/s00468-016-1473-7   
 

 
Fig. 3 Radial growth rate (RGR) as a function of CSA. Red 

solid lines represent Gompertz function fitting and red and 

black dashed lines represent confidence and prediction bands, 

respectively (N=71). 

 
Fig. 4 Sapwood area (SWa) as a function of CSA. Red solid 

lines represent a power function fitting, and red and black 

dashed lines represent confidence and prediction bands, 

respectively (N=71). 

Tree structure and volumes 

D. guianensis showed a classic height-CSA relationship 

explained by a linear model taking log(CSA) as a 

predictor, suggesting a strong increase in height until 

DBH 30 cm. After this, height growth continued at a 

slower rate (Appendix C and D). 

 
Fig. 5 Number of reiterated branches (a) and stem volume (b) 

as a function of CSA. The number of absolute branches 

(nARB) (a, closed circles) and the number of living branches 

(nLRB) (a, opened circles) were fitted by a log-log linear 

relationship transformed to fit the arithmetic scale. Total 

(VolTot) (b, closed circles) and crown volume (VolC) (b, 

open circles) were fitted by a power function, whereas trunk 

volume (VolT) was fitted by a linear function (N=59). 

 

The increase in the total number of reiterated branches 

(nARB) and living reiterated branches (nLRB) in 

relation to CSA was non-linear (Fig. 5a). The best 

regression lines for both of these variables were  

obtained by fitting log-log linear models with CSA, 

suggesting that the increase of both numbers of 

branches over the course of tree development was not 

linear. The first branch mortality event was recorded for 

trees having DBH = 30 cm (CSA = 700 cm²) (i.e., 

separation between curves) (Fig. 5a). 
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Trunk volume (VolT) increased linearly in relation to 

CSA, whereas crown stem volume (VolC) increased 

according to a power function (Fig. 5b). This suggests 

that the increase of VolC is more important as trees 

become bigger. Thus, for trees with DBH <35 cm (CSA 

<1000 cm²), VolC compared to VolT is negligible. The 

combination of both VolT and VolC also results in an 

increasing VolTot according to a power function (Fig. 

5b). 

 
Fig. 6 Trunk volume (VolT) and heartwood volume in the 

trunk (HWvol) (a) and the SWvol:HWvol ratio (b) as a 

function of CSA. VolT against CSA (a, opened circles) was 

fitted by a linear function, HWvol was fitted by a power 

function (a, closed circles), and the SWvol:HWvol ratio (b) 

was fitted by a log-log linear function and transformed to fit 

the arithmetic scale; the gray horizontal line represents 

SWvol:HWvol = 1 (N=14). 

Heartwood volume and DBH 

Trees from the free sampling area exhibited the same 

linear increase of trunk volume with CSA (Fig. 6) than 

trees from monitored plots (Fig. 5b). However, the 

relationship between HWvol and CSA was not linear 

and fitted by a power function (Fig. 6a). These two 

different trends resulted in a nonlinear decrease in 

SWvol:HWvol with CSA. HWvol and SWvol were 

similar for DBH = 59 cm (CSA = 2730 cm²).  

Longitudinal profile of the SWa:HWa ratio  

Visualization of the SWa:HWa with height and within 

trees from the free-sampling area showed that this ratio 

was always higher than 1 and decreased with height in 

small trees (DBH <40 cm), whereas SWa:HWa was 

close to 1 and constant along the trunk in bigger trees 

(DBH >40 cm) (Appendix E). Thus, for small trees, SW 

is the main component of the trunk, whereas SW and 

HW are almost equivalent for large trees. Another 

common characteristic, but especially visible in large or 

intermediate-sized trees, was the increased amount of 

SW just below the fork. We did not observe HW just 

below and within the crown in small trees, whereas HW 

was present in bigger trees (Appendix E). 

Increment dynamics of tree compartments 

according to different dimensions 

Dynamics of DBH increments followed the classical 

‘hump-back’ pattern, with a first increase until 100 

years followed by a decrease as the tree aged. This 

pattern was also observed for the HWd increment (Fig. 

7a). However, the highest value of HWd increment was 

observed at 120 years. After this point, HWd 

increments remained higher than DBH increments, 

resulting in a negative increment of SWt after 120 

years. 

While CSA increment dynamics might also be divided 

into two phases, we did not observe any decrease of 

either CSA or HWa increments (Fig. 7b), compared to 

DBH (Fig. 7a). For more than 100 years, the increase in 

the CSA increment was curvilinear and then slowed to 

reach a steady state between 150 and 200 years. The 

increase in the HWa increment was also curvilinear and 

then slowed, but it did not reach a steady state. This 

difference between CSA and HWa increment resulted 

in SWa increments that increased until 100 years and 

then slowed down. 

Dynamics of the VolT increment (Fig. 7c) were very 

similar to the CSA increment (Fig. 7b), with a first  
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Fig. 7 Increment dynamics of stem, Sapwood and Heartwood according to (a) diameter at breast height, (b) area at breast 

height (CSA), and (c) volume. Increments are plotted as a function of age with regard to DBH and CSA. 

 

curvilinear increase until 120 years, a slowdown, and 

then reaching a steady state between 150 and 200 years. 

VolC increment dynamics differed from VolT by a 

lower rate and by the fact that it did not slow down as 

the tree aged. VolC increments increased at higher rate 

after 75 years. The combination of VolC and VolT 

dynamics resulted in a VolTot increment that increased 

first curvilinearly and then slowed down without 

reaching a steady state or decreasing (Fig. 7c). 

Dynamics of the HWvol increment were similar to 

VolC. As for VolC increments, HWvol increments 

increased strongly after 75 years. The delayed increase 

of HWvol increment compared to VolT increment made 

SWvol increments increase slightly until 100 years and 

then decrease. Both SWvol and SWa increment 

dynamics were very similar (Fig. 7b and c). 

 

Discussion 

To our knowledge, this is the first time that a tropical 

tree has been both completely described and monitored 

for growth over 30 years. Even if qualitative crown 

assessment proves to be efficient in predicting RGR and 

mortality of trees (Rutishauser et al. 2011), 

measurements of tree structure are rarely performed 

(Sillett et al. 2010; Van Pelt and Sillett 2008) due to 

methodological issues caused by tree size and stand 
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density. Our non-destructive method, which uses the 

skills of tree climbers, applied on monitored trees 

allowed us (1) to depict the ontogenetic variations of 

structural parameters and (2) to relate them to the 

ontogenetic variations of both RGR and SW/HW 

quantity. 

Relationship between RGR at breast height 

and whole-tree structure 

Despite strong individual variability in RGR (cm
2
/year) 

at breast height for a given diameter class, we clearly 

showed that this variable follows a mean ontogenetic 

trajectory (Fig. 4 and 7). However, the pattern described 

here differs significantly from the common “hump-

back” curve, which suggests that RGR increases until 

the tree reaches an optimal size and then declines in 

response to senescence (Canham et al. 2004; Hérault et 

al. 2011). Indeed, the Gompertz model is suited to 

describe the ontogenetic variations of RGR and 

suggests that, for trees with DBH > 50-60 cm, RGR 

first increases but reaches an asymptotic value and does 

not declines. This questions the representativeness of 

senescent trees in our sampling. 

Rutishauser et al. (2011) showed that a high degree of 

branch mortality, reflecting a high degree of crown 

fragmentation, leads to declining RGR and in turn to 

tree death. Trees considered as senescent are not able to 

replace dead reiterated branches that were previously 

self-pruned or broken, leading to empty spaces within 

the crown (i.e., fragmentation). In our study, variables 

involving dead reiterated branches (i.e., pDRB, nDRB) 

were neither related to Main Branch mortality indexes 

(MB) (Kruskal Wallis test, χ = 2.87, df = 3, p.v = 0.41 

and χ = 4.718, df = 3, p.v = 0.19) nor to Secondary 

Branches mortality indexes (SB) (Kruskal-Wallis test, χ 

= 1.57, df = 3, p.v = 0.67 and χ = 4.98, df =3, p.v = 

0.17). The branch mortality phenomenon highlighted 

here is interpreted as a result of crown expansion rather 

than an indicator of tree senescence. Indeed, the 

distinction between ‘healed’ and ‘not-healed’ branch 

stumps shows that only 6 trees (30>DBH>60cm) had 

100% not-healed branch stumps (data not shown). For 

larger trees (DBH>60cm), a wide range of both states 

of stump was represented (20-75% healed stumps), 

indicating both ancient and recent branch mortality 

events within the tree crown. Branch mortality starting 

near the first fork and continuing toward the upper 

crown makes this phenomenon a gradual process 

resulting from the self-thinning of the lower branches 

by the upper ones. This mode of crown expansion is 

consistent with the suggested preferential resource 

allocation to branches that are in more favorable 

positions (Henriksson 2001). From this point of view, 

senescent trees were not detected in our samples. 

The asymptotic distribution of RGR according to CSA 

may have resulted from the nature of RGR itself. 

Whereas RGR is generally computed as the annual 

increment of tree DBH (i.e., in cm/year) (Canham et al. 

2004; Fortunel et al. 2016; Hérault et al. 2011), RGR in 

this study refers to the annual increment of tree CSA 

(i.e., in cm²/year). We believe that measuring RGR in 

this way is more relevant as it integrates both 

dimensions of transverse cambial activity (i.e., radial 

and tangential divisions) and that the area increment is a 

better indicator of tree growth than the diameter 

increment. A careful analysis of RGR measured in 

cm/year and in cm²/year on a dataset including all 

Dicorynia guianensis trees of the Paracou field stations 

showed that Canham’s model produces the expected 

‘hump-back’ curve for RGR in cm/year but not for 

RGR in cm²/year (Appendix F). This suggests that trunk 

growth rate does not decrease after the tree reaches an 

optimal DBH or CSA; rather, it remains constant. This 

result on a larger dataset (N=844) is consistent with the 

differences between DBH and CSA increments of the 

stem as a function of age observed in our smaller 

dataset (Fig. 7a and b). It is very likely that senescent 

trees were present in this wider dataset as well as in 

datasets from the previous study (Hérault et al. 2011). 

However, Rutishauser et al. (2011) crown 

fragmentation assessment performed on 237 individuals 

identified only 13% senescent trees (Nicolini, 

unpublished data). Such a small proportion of declining 

trees may have had little or no effect on the relationship 

between RGR and CSA observed here. 

Structural tree characteristics for which 

RGR at breast height ceases to be indicative of 

whole-tree growth 

The asymptotical value of RGR was reached for trees of 

50-60 cm of DBH. At this stage, trees have reached the 

canopy, almost completed their growth in height (32-34 

m), and crown expansion has started. Indeed, for these 

trees, the crown represents 25% of the whole-tree 

volume, and branch mortality events are already 

detected, suggesting that self-shading of lower branches 

is already occurring. 
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The stage for which RGR reaches an asymptotic value 

is also the stage for which VolC increment increases 

strongly (Fig. 7c). The better correlation observed 

between VolC and CSAUF (Spearman correlation = 

0.96, pv <0.001) than with CSA (Spearman correlation 

= 0.90, pv <0.001) suggests that CSAUF is a better 

indicator of crown size. Moreover, the ratio between 

CSA and CSAUF indicates that the trunk tends toward 

a cylindrical shape (Ratio tend to 1, data not shown) as 

crown size increases, which is supported by a 

significant negative correlation between this ratio and 

VolC (Spearman correlation = -0.62, pv <0.001). As 

RGR at the trunk base is constant in large trees, the 

establishment of a cylindrical trunk requires greater 

growth in the higher parts of the trunk (i.e., under the 

fork). Therefore, the stabilization of CSA increments 

(or the decrease of DBH increments) at the trunk base is 

not related to tree senescence but rather to a change in 

growth allocation toward the growing crown and the 

higher part of the trunk. The monotonic increase of both 

absolute and living reiterated branches (nARB and 

nLRB) (Fig. 5) supports this statement. This result for a 

tropical tree species is in complete agreement with 

previous studies for temperate tree species (Sillett et al. 

2010; Van Pelt and Sillett 2008). RGR measured at 

breast height is a poor indicator of whole-tree growth 

because the continuous increasing whole-tree increment 

(Fig. 7c) does not support the RGR stabilization at 

breast height (Fig. 7b). Measuring tree growth in terms 

of DBH increment is even more misleading because it 

indicates a decrease observed in large trees that actually 

reflects an increase of whole-tree growth. As shown in 

403 tree species by Stephenson et al. (2014), the whole-

tree increment of the species under study increases 

continuously with tree size. 

SW/HW quantity variations according to 

location within trees during tree ontogeny 

We found a significant positive relationship between 

SWa and RGR (Fig. 4). This result supports the positive 

relationships between RGR and SW are or thickness 

identified in temperate and tropical species (Bamber 

1976; Busgen and Munch 1929; Carrodus 1972; van der 

Sande et al. 2015). It is likely that the more vigorous the 

tree, the more photosynthates are created that need to be 

stored in SW or are sufficient to assume SW 

respirations costs, thus delaying HW formation. 

However, the correlation highlighted here does not 

directly support this causality effect. As RGR varies 

according to tree ontogeny, linking tree vigor to SW 

area requires identification of ontogenetic stages of the 

considered trees and comparison of both variables for 

individuals that reached the same ontogenetic stages. 

The positive link between SWa and RGR on a wide 

range of tree sizes emphasizes the ontogenetic 

dependence between SWa and RGR. Indeed, both SWa 

and RGR follow the same pattern of variations at the 

trunk base on the course of a tree’s ontogeny (Fig. 2b 

and 3): SWa and RGR increase until the tree reaches 

50-60 cm of DBH; after this point, both variables reach 

a steady state. 

It has been hypothesized that HW increments are 

constant during tree life and that variations of RGR 

regulate SW quantity (Långström and Hellqvist 1991; 

Margolis et al. 1988). However, our analysis of HW 

increment dynamics shows that the HW increment is 

not constant (Fig. 7) but rather increases when VolC 

increment increases, giving strong support to the 

ontogenetic nature of HW formation (Bamber 1976; 

Bamber 1987). The same authors hypothesized that HW 

formation manages the amount of energy consuming 

SW to an optimal level. It is likely that a high 

production of SW in the crown may increase 

maintenance costs as a tree grows. From this point of 

view, HW formation from tree base to treetop limits the 

accumulation of SW. 

The effects of SW/HW quantity variations on 

tree function as tree grows 

Trees must maintain sufficient SW to assure hydraulic 

functions because this function is vital for the organism. 

In our sampling, the minimum SW thickness was 2 cm, 

which corresponds to a range of conductive SW 

thickness recorded in others Legumes species from 

Mexico (Reyes-García et al. 2012). However, storage in 

the trunk is not vital for the organism; thus, this 

function could be preferentially located in another part 

of the plant. 

Our analysis on the relative amounts of SW and HW at 

the trunk base or within the trunk (i.e.SWa:HWa and 

SWvol:HWvol) (Fig. 3 and 6, Appendix E) shows that 

SWa and volume in trunk are higher than HW for trees 

with DBH <50 cm and then gradually become lower for 

trees with DBH >50 cm. This ontogenetic change in 

SW and HW relative quantities is in agreement with the 

pattern observed in a temperate oak species, Quercus 
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petraea (Hatsch 1997). We also observed a sharp 

increase of SW relative quantity at the crown base 

compared to the trunk top and generally very few HW 

within the crown (Appendix E). Therefore, for small 

trees (DBH <50 cm), SW is spread throughout the 

structure of the tree, whereas SW relative amounts are 

only higher than HW within the crown for larger trees 

(DBH >50 cm). Because (1) the SW is a main 

compartment storing carbohydrates, water, and 

nutrients (Hillis 1971) and (2) the participation of the 

crown to the whole-tree volume is very weak in small 

trees (DBH <50 cm), it is likely that trunk contains the 

major part of above-ground tree reserves. Conversely, 

the relative quantity of SW is low in the trunk, and the 

crown becomes increasingly important in bigger trees 

(DBH >50 cm). Thus, we expected that the major parts 

of tree reserves concentrate in the crown SW as a tree 

grows. We suppose that this amount of crown SW is 

sufficient to store reserves, in turn triggering the 

acceleration of HW formation in the trunk. Our findings 

confirm the importance of the crown as a reserve for 

carbohydrates (Barbaroux et al. 2003) and water 

(Cermak et al. 2007; Schulze et al. 1985). 

A parallel study on D. guianensis showed that the 

natural durability of trunk SW is higher in bigger trees 

than in small trees. Therefore, it is likely that trunk SW 

carbohydrate content decreases with increasing size 

(Lehnebach 2015), and that carbohydrates might be 

used for growth, daily metabolism or translocate to 

crown or roots.  

However, this scheme of SW concentration toward the 

crown as a tree grows results from the way that HW 

spreads within the tree: from the center to the stem 

peripheral part and in the same time from the trunk base 

to the treetop. This questions why HW does not form 

early during tree life all along the tree structure at the 

center of the stem and spread radially later? 

This question might be answered through tree 

economics. It would be more economical for the tree to 

store reserves in the crown, thus lowering the cost of 

transport of newly formed carbohydrates from leaves to 

SW than to store reserves in the whole-tree structure. 

Similarly, if the plant needs to mobilize its reserves to 

replace shed branches during crown expansion, the cost 

of transport will be lower if they are stored within the 

crown. 

Whatever the tree size, a considerable quantity of SW is 

present just under the first fork. The tree may conserve 

these wood volumes as SW to keep reserves available 

for re-growth ‘die-back’ (Kile et al. 1981), and the 

development of epicormic shoots (Nicolini et al. 2003) 

following accidental damage caused by the fall of 

neighboring trees or branches. 

On the possible deviance from the mean 

ontogenetic trajectory and its effect on absolute 

growth rate and sapwood amount 

We highlighted a mean growth scenario based on mean 

stem and tree characteristics and their variations during 

ontogeny. However, we expect that this mean growth 

scenario may be altered by different factors. 

A shift in growth pattern might be strongly linked to 

tree crown establishment and the appearance of first 

reiterated branches. If the reiteration process begins 

earlier in a tree’s life, we would expect that the 

investment in crown growth would also begin earlier. 

Well-developed trees in our sampling with the shortest 

trunks also have a greater Volc and a lower RGR and 

SWa than other trees from the same CSA range. In 

these individuals, investment in crown growth might 

have started earlier. Indeed, if the canopy height at a 

particular site is lower than that at another site, we 

would expect a shorter phase of height growth, a lower 

trunk height, and an earlier investment in crown growth. 

In this way, the neighborhood of a tree may impact its 

allometrical trajectory. 

Other important factors are species life history traits. D. 

guianensis is a semi-shade tolerant species, capable of 

growing slowly in the understory or faster in clearings 

(Favrichon 1994). We might expect that trees growing 

slowly in the understory would not be able to produce 

and store many carbohydrates due to low levels of 

photosynthesis, and for the same reason, would not be 

able to meet the high respiratory demands of the 

maintenance of a considerable volume of SW, leading 

to a faster shift from SW to HW. This last consideration 

could explain differences in SW and HW quantities of 

two trees exhibiting the same structural traits values but 

having grown in environments with contrasting light 

availability, and it is consistent with the dependence of 

SW production on allocation principles (Schippers et al. 

2015). 

Deviance from the mean growth scenario and tree 

growth history could explain, in addition to other 

factors affecting tree growth (e.g., soil fertility or 
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genetic variability), the high variability observed for 

both RGR and SWa. 

 

Improvements of forestry practices 

In natural forests from french Guiana, Dicorynia 

guianensis (Basralocus) trees are harvested for their 

timber between 50 and 90 cm of DBH (Cirad 2011). 

Our analysis showed that the minimal exploitation 

diameter (i.e., 50 cm) corresponds to the DBH value for 

which the SWa is equal to the HWa at breast height; 

however, this consideration differs when accounting for 

the relative volume of both SW and HW along the bole. 

Indeed, the analysis of HW and SW tapering within 

felled trees showed that SWvol:HWvol ratio is constant 

along the bole for trees having reached 60 cm of DBH. 

This suggests to select trees with DBH >= 60cm in 

order to optimize the quantity of HW along the bole. 

However, this study also highlighted the positive 

relation between crown volume or its increment and 

heartwood volume or its increment within trunk. 

Whereas, estimating the trunk volume in the forest is 

feasible, the estimation of crown stem volume is more 

complicated. Nevertheless, due to the strong correlation 

between CSAUF and crown volume, we expect that 

CSAUF may be used as a predictor of crown volume in 

allometrical equations. From this point of view, 

measuring DBH and diameter under fork (converted to 

CSA and CSAUF, respectively) may allow foresters to 

calculate the relative contribution of the trunk and the 

crown to the tree volume, and in turn optimize the HW 

volume of the bole by selecting trees with a relative 

contribution of crown volume to the whole-tree volume 

> 25% (i.e., trees for which both crown and HW 

increment increase at higher rate). 

Conclusion 

This study highlights the importance of accounting for 

ontogenetic changes in tree growth by the careful 

descriptive analysis of tree structure. Variation in RGR 

is a common characteristic of tropical trees; thus, we 

believe that the shift highlighted here is observable in 

other species. Accounting for ontogenetic changes in 

tree growth and understanding the relationship between 

growth observable at breast height and the whole-tree 

increment should enable better estimation of carbon 

dynamics to the stand scale.  

This study also highlights the impact of growth 

ontogenetic changes on SW and HW, which in turn 

affect the localization of water and carbohydrate storage 

in trees. Moreover, knowing the mean trajectory of HW 

increment within trees could lead to a better estimation 

of forest tree profitability by selecting trees that contain 

a relatively high amount of HW at the trunk base and 

along the trunk to optimize the production of 

homogenous and high quality timber. 
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