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ABSTRACT 

Background and Aims. We aim to continue investigating the link between surface area growth 

rates and architectural changes, which occur during tree development, and are likely to affect 

tropical forest dynamics. The objectives of this study are to (1) propose a method of quantifying 

the crown structure of adult trees by examining their degree of reiteration, and (2) establish a link 

between the degree of an individual’s reiteration and its radial growth. 

Methods. This study was conducted on a canopy emergent, Dicorynia guianensis 

(Caesalpinioideae), at the Paracou field station in French Guiana. Field descriptions included (1) 

reiterative stage of crown architecture, (2) tree height and diameter (3) surface trunk growth 

recorded over a 25-year survey period (4) environmental parameters. Statistical analyses with 

quantitative variables describing trees such as diameter or surface area growth related to crown 

stages were performed. 

Key Results. Analyses showed that crown architecture could be quantified through a number of 

branches exhibiting a reiteration process. Moreover, the study showed a strong relationship 

between the duplicative stage of the trees and their respective diameter at breast height (dbh). 



Finally, a model predicting surface area growth with change in crown structure was tested, but 

could be improved by providing a more heterogeneous sample in future studies. 

Conclusions. Our study shows for the first time, that quantitative elements are linked to tree 

meristem production, which would allow 3D simulation of large tree structures and therefore, 

forest stands. 

Key words: reiteration process, surface area growth, architecture, crown assessment, tree 

development, senescence, 3D simulation, Dicorynia guianensis, Caesalpinioideae, French 

Guiana, tropical wet forest. 

 

SHINOZAKI’S PIPE MODEL THEORY, 

which views trees as an assembly of pipes 

that connect the leaves to the roots 

(Shinozaki et al. 1964a, 1964b) illustrates 

the importance of considering structure and 

meristem operation while assessing the 

developmental growth of a tree. However, 

given the difficulties in retrieving and 

describing these structures (i.e., number and 

distribution of new growth) in canopy 

emergents, few studies exist, which 

demonstrate a link between structure and 

growth. 

In the future, understanding a tree’s 

growth will be useful in predicting tree 

development. The ability to simulate tree 

architecture with the knowledge of radial 

growth rates could provide 3D scenarios that 

would allow (1) a better understanding of 

population structure and (2) the study of 

population response to laser radar waves in 

order to calculate biomass. Moreover, 

interest in the structure of large adult trees 

contribute in promoting three major issues: 

(1) advancing quantification methods and 

structure representation of adult trees, (2) 

understanding better the links between 

evolution and structure due to growth, and 

(3) understanding better the phenomenon of 

senescence. 

Existing models that represent the 

development of a tree (height, diameter, 

crown projection, crown depth, etc.) 

describe the crown in the form of an 

envelope (Dhôte et al. 1994). Ultimately, we 

know little about what happens inside the 

envelope; nothing allows us to establish a 

procedure, which places us at the level of the 

apical meristem(s) or new shoots. Another 

disadvantage in evaluating tree structure 

through crown projection is the vast 

variability in crown porosity, which reflects 

structural changes (i.e., crown fragmentation 

which can be linked to structure mortality). 

The few studies that include 



information on connecting structure with 

growth rates through the operation of 

meristems and their annual production have 

been conducted mainly on conifers (Feng et 

al. 2011). Conifers provide anatomical and 

morphological markers, such as annular 

rings and branch tiers, which allow the 

construction of an individual’s complete 

retrospective history. These approaches are 

very efficient, but they do not however, 

cover all aspects of development in 

hardwood species, except in certain cases 

(e.g., Cecropia spp. and Parkia spp.) and 

especially not those pertaining to large 

individuals under study (Nicolini et al. 

2003). 

An architectural approach allows 

access to and the identification of the 

contents of the crown “envelope,” as well as 

establishing an idea of the change and 

turnover of these contents over time (e.g., 

apical meristems → new shoots → axes 

categories → reiteration and sequential 

branching). This approach also allows 

classifying envelope contents in time and 

space, which provides insight into the 

organization of the plant by meristem 

operation (i.e., growth gradients).  

By this approach, few have been able 

to model crown development while 

considering plausible radial increases and 

remain as close as possible to Shinozaki’s 

pipe model of meristem operation (De 

Reffye et al. 2011). Unfortunately, available 

studies usually address trees of modest size. 

Therefore, when evaluating large trees in 

forestry, this method of evaluating the crown 

envelope contents of large trees becomes 

more theoretical, due to the lack of 

information available. 

Many studies present the architectural 

development of a tree and its successive 

architectural phenomena, including branch 

reiteration, as the source of meristem 

multiplication and tree enlargement 

(Oldeman 1974, Hallé et al. 1978, 

Barthélémy et al. 2007). Our study 

investigates the impact of architectural 

crown changes on the surface area growth of 

trees by examining crown changes trough 

the duplication or reiterative stages observed 

in tree crowns. 

This study was conducted in French 

Guiana. We focus on Dicorynia guianensis 

Amshoff (Caesalpinioideae), a widespread 

canopy tree for which a wealth of results are 

available with regard to tree architecture and 

height growth (Rutishauser et al. 2011; 

Caraglio et al. 2001; Drénou 1994; Nicolini 

et al. 2003; Roggy et al. 2005; Sterck 1999). 

The objectives of this study are (1) to 

propose a method of quantifying the crown 



structure of adult trees by examining their 

degree of reiteration, and (2) to establish a 

link between the degree of an individual’s 

reiteration and its radial growth. 

METHODS 

 

STUDY SITE AND EXPERIMENTAL PLOTS —. 

 This study was conducted in the lowland 

tropical rain forest of the Paracou 

experimental site (5o 18' N, 52o 55 'W) 

(Gourlet-Fleury et al. 2004). This site 

receives nearly two-thirds of its annual 

precipitation, 3160 mm ± 161SE, between 

mid-March and mid-June, with less than 50 

mm per month from September through 

October. The most common soils found on 

site are shallow and ferralitic, and are 

limited in depth by a more or less 

transformed loamy saprolite. Tree census 

data were obtained from a series of 15 

permanent plots of 6.25 ha each in which all 

Dicorynia guianensis stems (dbh ≥ 10 cm) 

were identified, mapped and measured. In 

each plots, tree stem density (dbh ≥ 10cm) 

varies from 576 – 683 ha
-1

 with a mean of 

620 ha
-1

 (mean basal area: 31.4 m
2
 ha

-1
). In 

order to follow the effects of simple and 

inexpensive silvicultural interventions on the 

replenishment of the forest stand, the 

experimental plots were divided into four 

treatments: 

• Treatment 0 (T0): control plots (P1, 

P6 and P11) with no treatment and a basal 

area of 30m
2
.ha

-1
 and an average of 620 

trees.ha
-1

 (dbh ≥ 10 cm). 

• Treatment 1 (T1): plots (P2, P7 and 

P9) with exploitation of commercial 

hardwood species (dbh ≥ 50cm) representing 

10 trees.ha
-1

 or an average basal area of 

5m².ha
-1

. 

• Treatment 2 (T2): plots (P3, P5 and 

P10) same as T1, but including clearings by 

devitalization of some trees (dbh ≥ 40 cm) 

for an average basal area of 12m².ha
-1

. 

• Treatment 3 (T3): plots (P4, P8 and 

P12) same as T1 plus firewood exploitation 

(trees 40 ≥ dbh ≥ 50 cm) representing 

approximately 15 trees.ha
-1

. Some thinning 

by poison-girdling was added (close to 20 

trees.ha
-1

). An average of 15m².ha
-1 

was 

removed. A poison-girdling technique was 

used to prevent artificial light gaps and 

intense dammages to the surrounding trees. 

TREE CENSUS ―. Tree census was 

conducted on 39 trees having more than 50% 

of the vertical crown projection exposed to 

vertical light and with crown visible from 

the ground. Each tree was first characterized 

by its architectural stage of development 

(ASD). Dicorynia guianensis, like many 



other tree species, attains its reproductive 

stage through a reiterative process, which 

changes the whole plant architecture during 

development (Barthélémy et al. 2007; Edelin 

1984; Hallé & Ng 1981). After the first part 

of development with plagiotropic branches, 

the trees form orthotropic branches, or 

“reiterated branches,” different from 

plagiotropic for several morphological 

characteristics (e.g., growth and branching) 

that will sustain the future mature crown. 

Three stages were defined (ASD1, ASD2 

and ASD3). Tree census was taken on trees 

demonstrating ASD3 (as defined in Nicolini 

et al. 2003). 

EXPERIMENTAL PROTOCOL ―. In order 

to establish the general stage of development 

of the trees in our sample, measurements of 

main branch mortality (MB), crown 

mortality (CM) and trunk mortality (TM), 

crown aperture (CA), and Liana infestation 

(Li) were recorded on a 0 to 5 scale (Table 

1). Crown position (CP) were also evaluated 

linking the development to light competition 

(figure 1). 

 

TABLE 1. Classification used to assess trunk 

mortality (TM), main branch mortality (MB), crown 

aperture (CA), and liana infestation (LI). 

Code 
Trunk mortality 

(TM) 

Main branch 

mortality 

(MB) 

Crown 

aperture 

(CA) 

Liana 

infestation 

(LI) 

0 No death No death No death No liana 

1 fully recovered 5–25% 5–25% 5–25% 

2 Recovered up to 50 

to 75% 

> 25–50% > 25–50% >25–50% 

3 branch is 10 to 50% 

of the trunk diameter 

> 50–75% > 50–75% >50–75% 

4 decapitated >75% >75% >75% 

5     

 

FIGURE 1. Relative crown position (CP) 

 

Quantifying the degree of reiteration of 

each tree is one main objective of this study. 

We therefore, counted the number of 

reiterated branches of each tree’s crown. 

Because reiterated branches exhibit a 

variation in diameter, we defined the 

minimum diameter for measurement as a 



diameter of 10 cm (Figure 2). The length of 

one of the summit branches was also 

measured starting from the point of diameter 

measurement to the top of the tree. 

 

FIGURE 2. Reiterated branches counted inside tree 

architecture. Basal diameter was measured using a 10 

cm caliper. Only living reiterated branches with a 

diameter 10 cm thick were retained. Arrows indicate 

the points where 10 cm diameter wass reached. Note 

that dead branches were not taken into account. 

 

Here, we assume Shinozaki’s pipe 

model theory, and view the tree as an 

assembly of pipes that connect the leaves to 

the roots (Shinozaki et al. 1964a, 1964b); 

the more leaves there are, the more 

numerous the axes pipes. Tree height and 

trunk circumference were also measured. 

Finally, we calculated growth rate according 

to surface area over a 20-year period (1992-

2012). 

DATA ANALYSIS ―. Data on tree crown 

and trunk architecture were evaluated as an 

indicator of relative tree health. A 

correlation test (pearson test) wa performed 

on the average length of the 39 summit 

branches and tree dbh. 

After testing for equalities of variance 

as well residual normality, we performed a 

linear regression to assess the existing 

allometric relationships between current 

diameter at breast height (dhb) and crown 

architecture, defined by the number of 

reiterated branches (NRB). We then selected 

the model that best characterized this 

relationship. 

After choosing the best model 

characterizing NRB in function of dhb, we 

were able to calculate residuals with the 

following formula, where NRBobs is the 

number of reiterated branches observed and 

NRBpredict is the number of reiterated 

branches predict by the model: 

 

 

First, we used this formula to determine 

whether or not a relationship exists between 

the ΔNRB and average annual surface area 

growth rate of D. guianensis calculated over 

a 5, 10 and 25 years period. Because D. 

guianensis’ slenderness coefficient remains 

unknown, we were unable to estimate an 

individual’s true volume. We therefore, 

considered a tree’s average annual growth in 

surface area as the best approximation of its 

annual biomass production.  

http://treephys.oxfordjournals.org/content/31/1/22.full#ref-28
http://treephys.oxfordjournals.org/content/31/1/22.full#ref-29


Secondly, we explored the possibility 

of influencing environmental and 

architectural factors on the ΔNRB of D. 

guianensis. The effect of different predictive 

variables, such as, plot treatment (treat), bloc 

position (bloc), crown position (CP), main 

branch mortality (MB), liana infestation 

(LI), on ΔNRB was assessed through an 

analysis of variance. Each predictive 

variable was selected through a bidirectional 

stepwise procedure and Akaike Information 

Criterion comparison. This classical 

stepwise procedure selects the best model by 

adding and removing each variable 

alternatively. Only significant variables were 

kept in the model. All analyses were 

performed using R software (R Development 

Core Team, 2009).  

RESULTS

 

DESCRIPTION OF THE ARCHITECTURE OF THE 

CROWN –. All 39 trees sampled were 

considered healthy. (Table 2). In terms of 

crown position (CP), no light competition 

was exhibited (individual repartitions of CP: 

CP4=22 trees and CP5=14 trees). The 

average length of the 39 summit branches 

was 2.78 ± 0.92m. No significant correlation 

was found between tree diameter (dbh) and 

average summit branch length (pearson test: 

p-value=0.83, ρ=0.04). Length in 

comparison to dbh expresses a homogeneous 

repartition. 

 

TABLE 2. Repartition of individuals along a gradient 

of factors: main branch mortality (MB), trunk 

mortality (TM), crown aperture, (CA) and liana 

infestation (LI) (N=39). 

Number of trees 

 Indices MB TM CA LI 

healthy tree 

 

 

 

 

 

unhealthy tree 

0 31 15 9 32 

1 7 16 14 4 

2 1 6 13 2 

3 0 2 3 1 

4 0 0 0 0 

5 0 0 0 0 

 

DIAMETER AND NUMBER OF REITERATED 

BRANCHES (NRB) –. We found a significant 

linear relationship between NRB and current 

dbh (Figures 3 & 4). This relationship was 

modeled with the two following function:  

 

DBH = 30.83 (±1.19) + 1.30 (± 0.09) * NRB 

 (p = 2e-16, p = 2e-16, adjusted R² = 0.84) 

NRB = -18.44 (±2.10) + 0.65 (± 0.05) * DHB 

 (p=1.48e-10, p =2e-16, adjusted R² = 0.84) 

 

 

 

 

 

 



 

FIGURE 3. Current diameter (dbh) in function of 

number of reiterated branches (NRB). Prediction 

intervals illustrated by light blue and dark blue 

curves. Confidence intervals are shown by red and 

green curves (adjusted R² = 0.84). 

 

 

FIGURE 4. Current diameter (dbh) in function of 

number of reiterated branches (NRB). Prediction 

intervals illustrated by light blue and dark blue 

curves. Confidence intervals are shown by red and 

green curves (adjusted R² = 0.84). 

 

There is a significant linear relationship 

between the number of current branch 

reiterations and the current dbh. This 

explains why it is evident that the current 

NRB demonstrates a significant relationship 

with surface area growth rates. For example, 

the calculated surface area growth over 25 

years is a linear function of NRB (p = 1.4e-

06, adjusted R²=0.46, figure 5) 

 

FIGURE 5. Number of reiterated branches (NRB) in 

function of annual surface area growth. Prediction 

intervals illustrated by light blue and dark blue 

curves. Confidence intervals are shown by red and 

green curves (adjusted R²=0.46). 

 

RESIDUAL ANALYSIS –. Residual analysis did 

not show a significant linear relationship 

between the surface area growth calculated 

25, 10 and 5 years ago and the ΔNRB 

(respectively, p = 0.18, adjusted R² = 0.04; p 

= 0.19, adjusted R² = 0.05; p = 0.48, 

adjusted R² = 0.01, figure 6, a, b, andc). 

 

The relationship between the ΔNRB and 

surface area growth is not linear. Therefore, 

in order to verify that there are no significant 

differences between the surface area growth 

for different classes of ΔNRB, we tested the 

equality of variance and normality for the 

following classes: ΔNRB < -2, -2< ΔNRB < 

2, and ΔNRB > 2. We then performed a 



One-Way ANOVA. The average surface 

area growth rates in relation to ΔNRB were 

not found to be significantly different 

(respectively for growth at 25, 10, and 5 

years ago: p = 0.28, R²= 0.06; p=0.16, R²= 

0.05; p = 0.16, R²= 0.05). Therefore, ΔNRB 

does not have a significant effect on D. 

guianensis surface area growth.  

A) 

B)  

C)  

     

FIGURE 6. Delta of reiterated branches (NRBobs - 

NRB pred) in function of surface area growth. (A) 

Surface area growth calculated over a 25-year period. 

(B) Surface area growth calculated over a 10 -year 

period. (C) Surface area growth calculated over a 5 -

year period. 

 

The question remains as to whether or 

not external or architectural factors could 

have an influence on the gain or loss of 

NCR. All factors were retained by a 

stepwise procedure. The results of the One-

Way ANOVA on the ΔNRB are shown in 

the following table.  

 

Table 3. Modeling ΔNRB of Dicorynia guianensis 

with respect to environment and architecture 

(adjusted R2=0.58) 

 

All 

individuals 
Df Sum Sq F value P value 

Environment     

LI 3 30.58 1.67 0.20 

CP 2 18.25 1.49 0.25 

Treat 

Bloc 

3 

1 

32.03 

4.57 

1.75 

0.75 

0.19 

0.40 

Architecture     

TM 2 9.24 0.76 0.48 

BM 

CA 

3 

3 

26.99 

31.43 

1.47 

1.72 

0.25 

0.19 

Residuals 21 127.83   

 

Results show that none of the following 

factors are predictors of delta NRB  

 



DISCUSSION 

 

Tree structure is a result of the 

functioning meristem(s), we have chosen to 

approach this level in considering 

comparable structures (reiterated branches) 

within trees. Tree enlargement is the result 

of a reiteration process (Hallé et al. 1978, 

Oldeman 1974). We considered each 

reiterated branch 10 cm in diameter to be an 

assembly of pipes connecting leaves to roots 

(Shinozaki et al. 1964a, 1964b). Because D. 

guianensis, starts crown reiteration at a 

branch diameter of 10 cm, we included 

branches only equal to 10 cm in diameter. 

However, crown reiteration might 

commence at a different branch diameter 

measurement depending on species. The fact 

that the 10 cm reiterated branches exhibited 

little variability in structure (height 2,77m ± 

0, 92m) irrespective of the tree diameter 

indicates that NRB is suitable for 

quantifying the crown structure throughout 

development (i.e., NRB represents a unit of 

construction of tree crown). Crown 

architecture can be quantified by counting 

the NRB across similar ontogenic stages. 

NRB also describes structure (e.g. a complex 

of meristem), therefore making it useful in 

assessing the developmental growth of a 

tree.  

Our study showed a strong linear 

relationship between the number reiterated 

branches (NRB) and tree diameter at breast 

height (dbh). Therefore, ontogeny could 

explain an increase in the NRB. The fact that 

we obtained a high R
2
 value, with a 

relatively small sample size (N=39), shows 

that reiteration is highly controlled during 

development at the species level, and that 

tree dbh informs us about crown structure.  

An increasing number of studies 

provide models, which precisely simulate 

tree crown structure, but due to 

methodological aspects, these studies 

consider only young or small trees, or trees 

with automatic architecture (e.g., conifers, 

and Eucalyptus spp.) (Diao et al. 2012), 

while neglecting adults or individuals of 

large size. When considering tree crown 

complexity, we showed how we could 

describe the crown structure of an adult tree 

more than 30 m in height. 

While (Chave et al. 2005) propose 

models predicting individual tree biomass by 

using only dbh as a proxy, others propose 

using dbh combined with height. These 

models, although useful are still rather 

imprecise. In many studies, tree structure is 

represented by a shape, which can change 

http://treephys.oxfordjournals.org/content/31/1/22.full#ref-28
http://treephys.oxfordjournals.org/content/31/1/22.full#ref-29


notably with ontogenic phase and 

environmental changes. Nevertheless, 

biomass distribution is not easy to 

determine. At the individual level, biomass 

is distributed inside a given shape and is 

mainly characterized by a factor of porosity, 

which is specific to species. Therefore, a 

severely fragmented tree (senescent or 

disturbed) cannot be differentiated from a 

healthy tree with a compact crown. Indeed, 

advancement should be made in describing 

tree structure, since this will allow a more 

precise partitioning of biomass particularly 

in the adult trees. Consequently, the strong 

relationship between NRB and dbh is worth 

considering in models predicting individual 

tree biomass in describing crown 

architecture. 

However, in our study this relationship 

is demonstrated only amoung adult trees 

with a dbh ranging from 30-70 cm (see 

figure 4). Because juvenile and senescent 

trees have different structural dynamics, 

their ontogenic phase could possibly yield 

curves varying from those demonstrated by 

the trees in our sample (e. g., an exponential 

curve for juvenile stages). Therefore, the 

question remains: how would a more precise 

model demonstrate the relationship between 

NRB and dbh for other stages of 

development? 

For senescent trees our model could 

show strong differences in the observed 

NRB in comparison with predicted NRB (i. 

e., an augmentation in dbh could yield 

variability in the NRB). This would 

demonstrate that a loss in NRB is a 

reflection of aging. Therefore, NRB relative 

to dbh could be used as an indicator of the 

degree of senescence of a tree. To confirm 

this idea, a sample comprised of individuals 

with a larger variation in age should be 

collected. 

Predicting growth dynamics on an 

individual level remains difficult to 

determine, because 1) each tree could 

express its growth dynamic according to 

individual fitness, or species, and 2) growth 

may be continuous or occur in distinct stages 

(i. e., dbh growth and NRB occur at the 

same time or there is first an increase in dbh, 

then an increase in NRB alternately).  

According to the model, we observed 

that the variability of the number of 

reiterated branches (NRB) between trees 

with a same diameter does not demonstrate a 

negative or positive affect on surface area 

growth rate. We showed that a tree with a 

NRB differing from that of the population’s 

average tendency (higher or lower) did not 

demonstrate a faster or slower surface area 

growth rate (figure 6). We were unable to 



establish a link between the degree of an 

individual’s branch reiteration and its 

surface area growth, which may be due to 

the homogeneity of our sample in terms of 

health and ontogenic phase. To understand 

better this relationship, future studies should 

include both of these aspects when designing 

future models. 

In the context of current global climate 

changes, adult trees are the most negatively 

affected individuals in a population due to 

their lower growth rates and decreased 

ability to regenerate after a disturbance 

(Rutishauser et al. 2011, Phillips et al. 

2009). Therefore, we need to understand 

better their reactions to diverse climatic 

events such as drought, disturbances, storms, 

etc.. This is the main objective of creating 

permanent plots distributed throughout 

different tropical and temperate forests. 

Long- term field studies have been 

conducted with these experimental plots, 

allowing the observation of changes 

occurring in tree growth as well as different 

demographic parameters (growth, mortality, 

recruitment), which influence forest 

structure and carbon sequestration and 

fluxes. Due to the fact that these studies have 

used dbh as a proxy of the amount of carbon 

observed at the individual level (Chave et al. 

2005, Rutishauser et al. 2011), tree crown 

structure has generally not been considered 

for evaluation. 

The consideration of tree structure may 

give insight to the changes in forest systems 

and structure. Indeed, many studies focus on 

perspectives offered by remote sensing tools 

(satellite, LIDAR remote sensing). These 

tools allow not only the observation of the 

forest from the sky, but also the possibility 

of rapidly evaluating changes in carbon 

sequestration (Dubayah et al. 2010) and 

actual biomass. These studies have 

highlighted the necessity of evaluating forest 

reflectance from 3D simulations (Kenji et al. 

2007), for a better understanding of 

individual tree structure reflectance 

(branches and leaves reflectance), in order to 

precisely calibrate remote sensing tools. 

Future studies would require more 

information about tree structure and 

biomass, in order to properly asses tree 

reflectance. 3D simulations through the use 

of LIDAR, could be useful in representing 

individuals for monitoring population 

response to climatic events.  

 



CONCLUSION 

 

Until now, we have not had any information 

pertaining to the number of NRB units in 

relation to dbh. This information would 

allow us to train data for simulation models. 

Our study shows for the first time, that 

quantitative elements are linked to tree 

meristem production, which would allows 

the 3D simulation of large tree structures and 

therefore, forest stands. 
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