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Abstract
Key message Wood density profiles revealed significant differences in wood formation along a precipitation gradient 
in the Congo Basin. The response of trees to climate change varies depending on leaf phenology properties.
Abstract Tropical forests face increasing pressures due to climate change and yet, the response of trees to varying climate 
conditions remains poorly understood. In the present study, we aim to fill some gaps by comparing the leaf phenology and 
the pith-to-bark wood anatomical variability of 13 common tree species of the Democratic Republic of Congo among three 
sites presenting contrasted rainfall regimes. We measured pith-to-bark density profiles on which we applied wavelet analyses 
to extract three descriptors, which we further used as proxies to describe and compare wood anatomical variability. They 
describe the growth periodicity, regularity and the amplitude of variations of the anatomical patterns. Our results show that 
evergreen species tend to have significantly higher anatomical variability where rainfall seasonality is more pronounced. 
Deciduous species, in spite of shedding leaves for longer periods in drier sites, did not show significant differences in their 
anatomical variability. The analyses of density profiles and phenology records suggest that the seasonality of precipitation 
influences both leaf phenology and cambial activity. The high intra-site variability in phenology and anatomy suggests that 
site-related micro-climate conditions also influence cambial activity.

Keywords Wood density · Wood anatomy · Leaf phenology · Wavelet analysis · Tropical tree growth · Climate change

Introduction

Tropical forests cover about 7% of the terrestrial surface 
and store about 25% of its carbon (Bonan et al. 2008; Pan 
et al. 2011). They are key players in the global carbon 
cycle (Bonan 2008; van der Werf et al. 2009; Pan et al. 
2011; Sexton et al. 2016) and provide short- and long-
term services to the society. Tropical forests, however, are 
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increasingly threatened by anthropogenic pressure (FAO 
2016) and global warming (James et al. 2013). Extreme 
climatic events and the prolonged dry seasons (IPCC 
2013) are expected to aggravate tree mortality and to affect 
tree growth (Allen et al. 2010; Phillips et al. 2010; Green-
wood et al. 2017). Although substantial shifts in growth 
and biomass allocation were observed in the tropical for-
ests (Chave et al. 2008; Lewis et al. 2009; Dong et al. 
2012), these processes have yet to be understood in the 
framework of climate change. A better understanding of 
the influence of the climate change on forest dynamics is 
therefore essential to predict the future of tropical forests 
(Rozendaal and Zuidema 2011; Pucha-Cofrep et al. 2015) 
and to adapt to potential shifts in forest species composi-
tion (Scheffer et al. 2001; Phillips et al. 2010).

The current knowledge on tree sensitivity to climate 
change is mainly based on experimental studies of leaf-
level physiological responses, but the exact influence of 
climate on the growth of woody biomass remains largely 
unknown (Zuidema et al. 2013). Moreover, our under-
standing of the influence of climate seasonality on leaf 
phenology in the tropics is limited (Moreau 2016). Remote 
sensing studies, which cover large geographic extents 
at high temporal resolution, show promising results in 
research on vegetation responses to seasonal climatic 
changes (Viennois et al. 2013; Philippon et al. 2016). Yet, 
persistent artefacts due to acquisition conditions induce 
errors in the estimations of the vegetation response to cli-
mate variability (Morton et al. 2014). Moreover, species-
specific monitoring is hampered by the high canopy diver-
sity (Baldeck et al. 2015). Additional field data to support 
remote sensing data and refine the estimates of forest pro-
ductivity and carbon storage are thus needed (Babst et al. 
2014; Moreau 2016).

It is well known that seasonal variation of environmental 
conditions such as precipitation or solar irradiance drives 
leaf shedding (Couralet et al. 2010; Borchert et al. 2015; 
Moreau 2016), exerting thus an influence on cambial dor-
mancy (Brienen et al. 2016; Nath et al. 2016). Both leaf 
shedding and cambial dormancy are coupled to climatic sea-
sonal variation at varying degrees, depending on the leaf 
shedding habit of the species (Borchert 1999) and the inten-
sity of the climatic variations (Worbes 1995). Yet, the level 
of phenological adaptation to varying climatic conditions 
and its impact on wood formation are poorly understood 
(O’Brien 2008; Couralet et al. 2010; Vlam et al. 2014).

Trees respond to changing environmental conditions by 
adjusting their cambial activity, which depends on the spe-
cies and/or the age of a tree (Wimmer 2002; Fonti et al. 
2010; De Ridder et al. 2013; De Micco et al. 2016) and 
affects the structure of wood anatomical features (Chave 
et al. 2009). A considerable amount of information on tree 
growth conditions can thus be obtained through the analyses 

of growth rings and other patterns in the wood tissue (Wie-
mann 1998; Wimmer 2002; Groenendijk et al. 2014).

Wood anatomy variation is an important source of infor-
mation on tree adaptation (Gartner 1995; Larson 2012; 
Beeckman 2016; Tarelkin et al. 2016). Studying intraspe-
cific anatomical and phenological variation across climatic 
gradients or between contrasting sites therefore constitutes 
a valuable approach in tree growth research (Carlquist 1988; 
Villar-Salvador et al. 1997; Wheeler et al. 2007; Fonti et al. 
2010).

Previous studies have established a close relationship 
between anatomical features and wood density (Martinez-
Cabrera et al. 2009; Zieminska et al. 2013). Fibres with 
thicker walls and flattened lumina increase wood density 
while vessels and parenchyma are negatively correlated to 
wood density (De Mil et al. 2018). Density variations across 
a pith-to-bark profile are thus a good indicator of the varia-
tions of the fibres’ anatomy and the abruptness of change in 
wood anatomical structure.

Although wood density profiles’ variability has been pre-
viously used in the study of the influence of the climate on 
tree growth (Moya and Tomazello Filho 2009), these studies 
remain descriptive and focus on a limited number of profiles 
only. On the other hand, wavelet analysis has proven very 
effective in handling complex, noisy and non-stationary data 
(Bullmore et al. 2003; Hudson et al. 2011). It has success-
fully been used in studies of temperature and rainfall shifts 
(Paluš et al. 2005; Koch and Markovic 2007), changes in 
vegetation cover (Lu et al. 2007), plant flowering (Hudson 
et al. 2011) and tree-ring series (Rigozo et al. 2005). How-
ever, to the best of our knowledge, wavelet analysis has not 
yet been applied in wood density studies, although these 
datasets present characteristics that make them good candi-
dates for this type of analyses.

In this study, we investigated the effect of precipitation 
seasonality on leaf phenology and wood formation. We com-
bined the recent developments in the field of wood densi-
tometry with signal analysis techniques and compared the 
variability of wood density profiles of 13 tropical tree spe-
cies between three sites of the Congo Basin with contrasted 
precipitation regimes. Pith-to-bark wood density profiles 
were analysed with wavelet transform (Morlet 1983) and 
three features summarizing wood formation dynamics were 
derived. To study leaf phenology, we compiled data from 
historical databases and compared the synchronicity of phe-
nological events and the lengths of leafless periods of the 
studied species between two of the three sites. Finally, to 
study how leaf phenology and wood formation are coupled, 
we compared the inter-site differences in wood anatomy 
between trees with different leaf phenologies. We hypoth-
esized that longer and more intense dry seasons lead to 
increases in the length of leaf shedding periods and to higher 
variability in wood anatomical features from pith to bark. 
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More particularly, we expected to observe more rhythmic-
ity and higher amplitudes in density fluctuations throughout 
wood density profiles of trees from the driest sites. Further-
more, based on previous findings (Borchert 1999), we also 
assumed a difference in response between deciduous and 
evergreen species: more rhythmicity with higher amplitudes 
of wood density fluctuations in deciduous species.

Materials and methods

Study sites

Samples were collected in the Democratic Republic of 
the Congo (DRC). Three sites, the Yoko Reserve (0.33°N, 
25.31°E), the Bolobo forests of Malebo (2.49°S, 16.50°E) 
and the Man and Biosphere Reserve of Luki (5.39°S 13.4°E), 
were selected for their contrasting rainfall regimes to com-
pare the differences in wood formation dynamics (Fig. 1).

The Yoko reserve has the highest annual precipitation of 
~ 1780 mm (Cassart et al. 2016) and the least pronounced 
dry season (Fig. 1b). The Biosphere Reserve of Luki and 
the forests of Malebo have an average annual precipitation 
of 1100 mm (Fig. 1b; De Ridder et al. 2013) and 1600 mm 
(Vancutsem et al. 2006) with an average of three and four 
dry months, respectively. Relative humidity remains con-
stant throughout the year in Luki, buffering the intensity of 
the dry season (De Ridder et al. 2013). Moreover, a thick 
cloud cover decreases the solar radiation during the dry 
season in Luki (Fig. 1c). The soil types at the study sites 
are nutrient poor with Xanthic Ferralsol in Yoko (WRB 
2014), Ferralic Arenosol in Malebo and Orthic Ferralsol 
in Luki (FAO 2007). The plant extractable water capacity 
is the highest in Yoko (8.77–11.65 cm), followed by Luki 
(6.08–7.11 cm) and Malebo with 4.31–6.08 cm (Dunne 
and Willmott 2000).

Fig. 1  Map of the Democratic Republic of Congo showing the geographical location of the three study sites, a their monthly average tempera-
ture, b their monthly precipitation and c the average monthly solar radiation. Data: Worldclim2 (Fick and Hijmans 2017)



 Trees

1 3

Species selection and samples collection

We selected 13 species (Table 1) with abrupt anatomical 
variations on the pith-to-bark axis. These species are com-
mon among the three sites, and cover between 10–20% of 
the basal area of the forest (Table 1). Seven to thirteen trees 
per species were sampled at breast height with an increment 
corer (Ø = 5.15 mm, Table 1). Three to four cores were col-
lected per tree, stored in paper straws and then oven dried 
for 24 h at 103 °C. The cores are now registered and stored 
in the xylarium of the Royal Museum for Central Africa, 
Belgium (accession numbers: Tw68460 - Tw68881).

Wood density and anatomy analysis

Wood density profiles

The samples were mounted in custom-made cardboard 
holders and scanned with a resolution of 110 µm using the 
Nanowood X-ray CT scanner (Dierick et al. 2014), devel-
oped at the Ghent University Centre for X-ray Tomography 
(UGCT; http://www.ugct.ugent .be). Top and bottom of the 

holders were scanned separately, reconstructed with the 
Octopus software (Dierick et al. 2004; Vlassenbroeck et al. 
2007; licensed by InsideMatters: http://www.insid ematt ers.
eu) and digitally stitched to obtain a single greyscale volume 
for each holder. Each single wood core was then extracted 
from the total greyscale volume and its pith-to-bark density 
was calculated using air density (1.2 kg  m−3) and a refer-
ence material with known density (1400 kg  m−3) and simi-
lar elemental composition to wood (De Ridder et al. 2011; 
Bastin et al. 2015a; De Mil et al. 2016). Structure direction 
was then manually corrected for ring curvature and radial 
variations in grain direction (Van den Bulcke et al. 2014), 
based on which a re-interpolated density profile was calcu-
lated (De Mil et al. 2016).

Wood density profiles as proxies for wood anatomical 
variation

We used wood density variations as a proxy for the variabil-
ity of anatomical features between individuals from different 
study sites. Wood density profiles were detrended to avoid tree 
size and age-dependent variations (Briffa and Melvin 2011; 

Table 1  Selected species with their leaf shedding behaviour, per-site 
percentage of the total basal area, number of sampled trees per site, 
mean diameter and range (in centimetres), number of trees with phe-

nology records per site and the duration of the observations (in years 
in the twentieth century)

Years* = years in the twentieth century
(e) = evergreen and (d) = deciduous are leaf phenology data according to the CoForTraits database (Benedet et al. 2015)
Abundance data come from databases used in Kearsley et al. 2013, Bastin et al. 2014 and De Ridder, comm pers
Mlbo Malebo, Ygbi Yangambi

Species Total basal area 
(%)

Sampled trees (#) Min–mean–
max diameter 
(cm)

Trees with 
phenology 
records (#)

Observation 
span (years*)

Luki Mlbo Yoko Luki Mlbo Yoko Luki Ygbi Luki Ygbi

(e)Anonidium mannii
(Oliv.) Engl. & Diels

0.01 0.3 2.8 0 10 10 15–30–46 0 2 – 46–56

(d)Canarium schweinfurthii Engl 0.4 0.1 0.3 13 10 10 15–42–65 16 5 47–57 38–52
(e)Cola griseiflora De Wild 3.4 1 1.1 10 8 10 11–20–30 0 5 – 38–53
(d)Entandrophragma angolense (Welw.) C.DC 0.3 1.7 0.2 10 8 9 19–34–65 6 4 47–57 38–52
(e)Gilbertiodendron dewevrei
(De Wild.) J. Léonard

0.01 3.3 10.9 10 10 9 17–36–77 0 5 – 38–56

(e)Macaranga spinosa (Müll Arg.) 0.03 NA 0.5 9 9 11 15–25–40 1 3 47–57 38–53
(d)Milicia excelsa (Welw.) C.C.Berg 0.1 0.9 0.03 9 9 12 32–51–82 31 6 47–57 37–56
(e)Ongokea gore (Hua) Pierre 0.1 1.6 0.3 10 8 2 24–41–60 17 3 47–57 38–52
(e)Polyalthia suaveolens
Engl. & Diels

1.2 4 1.5 10 10 10 20–30–50 50 0 47–57 –

(e)Pycnanthus angolensis
(Welw.) Warb

0.6 2.9 0.3 10 9 10 23–46–77 27 4 47–57 37–55

(d)Ricinodendron heudelotii (Baill.) Pierre ex Heckel 1.4 0.3 0.5 9 9 9 22–52–95 46 3 47–57 43–56
(e)Staudtia kamerunensis Warb 2.1 1.2 1.2 10 10 10 13–37–65 46 2 47–57 46–56
(e)Tetrorchidium didymostemon (Baill.) Pax & K.Hoffm 0.01 0.02 0.1 9 7 10 14–20–33 7 3 47–57 38–55
Total 9.7 17.3 19.7 119 117 122 – 247 45 – –

http://www.ugct.ugent.be
http://www.insidematters.eu
http://www.insidematters.eu
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Peters et al. 2015) by subtracting a smoothed profile obtained 
with a moving average of 50 density values. The detrended 
profiles were analysed with wavelet transform (Morlet 1983) 
and three descriptors summarizing different aspects of wood 
formation were derived. These descriptors were then compared 
between individuals, between species and between sites.

Wavelet analysis allows processing complex signals with 
varying amplitudes and frequencies (Lau and Weng 1995). It is 
a powerful tool for the identification of the main periodicities 
within a signal and the evolution of amplitude, frequency and 
phase (Farge 1992; Rigozo et al. 2005). The wavelet analysis 
overcomes the main limitation of the Fourier transform that 
only identifies the frequencies present in a signal but not their 
localisation in time (Schaefli and Zehe 2009). It decomposes 
the signal into portions of variable length and convolutes them 
with wavelets generated from an original (mother) wavelet 
(Farge 1992). The covariance between the two is calculated 
and the obtained values allow generating a space–frequency 
representation of the signal (Fig. 2; Schaefli and Zehe 2009).

With D(x) the density profile and ψ the mother wavelet, the 
continuous wavelet transform (CWT) is expressed as:

where u and s represent the space translation and the scaling 
factor of the mother wavelet, respectively. The scale factor 

(1)CWT(u, s) =
1
√
s ∫ D(x)�

�
x − u

s

�
dx,

can be expressed in physical units (centimetres) and meas-
ures the width of one density fluctuation.

A Ricker wavelet, also known as Mexican hat (Ricker 
1953), was used as the mother wavelet. This wavelet shape 
has the advantage to enhance local peaks of wood density sur-
rounded by lower density area, with a predefined scale. Several 
scale factors, each representing the sizes of the wavelets, were 
tested.

A space–frequency representation of the signal (Fig. 2c) 
is only qualitative, therefore, three features of the signal, each 
quantifying a wood formation trend, were calculated:

The dominant wavelength of wood density fluctuation Wood 
density profiles consist of density fluctuations of varying 
width that are more or less correlated with wavelets gener-
ated from a mother wavelet by dilation or compression (Farge 
1992). Wavelengths of certain width contribute more to the 
power spectrum throughout the profile, which enables us cal-
culating the dominant wavelength of density fluctuations in 
the studied tree. This dominant wavelength reveals the average 
width of a growth zone in a tree and is represented by the posi-
tion of the peak in Fig. 3a.

The dominant wavelength was expressed as the scale posi-
tion of the maximum CWT coefficient values, regardless of 
the spatial axis:

(2){x| ∀y ∶
∑

u

CWT
2(u, y) ≤ ∑

u

CWT
2(u, x)}.

Fig. 2  Superposition of a wood 
density profile and the corre-
spondent space–frequency rep-
resentation. In a wood density is 
measured with 3D X-ray tomog-
raphy with a 110 µm resolution 
to obtain a pith-to-bark profile. 
This profile is then detrended in 
b and the result is analysed with 
a Ricker wavelet of wavelengths 
varying from 0 to 3 cm to 
generate a space–frequency rep-
resentation of the density profile 
in c. Different shades of red/
blue indicate a positive/negative 
correlation between the wavelet 
and the signal portion while the 
green background represents 
no correlation. The intensity of 
the coloration depends on the 
amplitude of the variation of the 
density signal
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Frequency distribution representing the  regularity of  wood 
formation Related to the first descriptor, the second one 
estimates the regularity with which wood density fluctuates 
from pith to bark. Trees forming growth zones of same width 
need a lower number of different wavelets to characterize 
their density profile compared to trees with growth zones of 
varying widths from pith-to-bark. This second descriptor was 
estimated by calculating the cumulated power of the wave-
lets with wavelengths from 0 to a threshold value th (the area 
under the curve in Fig. 3b):

The threshold value th was arbitrary set to wavelength of 
2 cm as this captured most of the variability of wavelengths in 
the density profiles (Fig. 2c).

The amplitude of wood density variation Besides the rhyth-
micity of wood density variation, the amplitude is a useful 
descriptor for comparing the distinctness of growth zones 
between trees. It can be estimated with the power of the spec-
trum of the dominant wavelength (Fig. 3c) and can be calcu-
lated using the square of weight of the energy of the density 
signal at the main frequency of the wavelets:

where the ‘*’ operation is a convolution, d is the wood den-
sity profile with N measures of density and R is the Ricker 
function at frequency f.

(3)
th∑

s=0

∑

u

CWT
2(u, s).

(4)
1

N
ΣN
i=0

(d ∗ R(f ))2,

Leaf phenology

We used historical data collected by the former Institut 
National pour l’Etude Agronomique du Congo belge 
(INEAC) at both Luki and Yangambi (± 100 km to the 
North-West of Yoko with similar precipitation patterns) to 
compare leaf phenology between two contrasting climates 
and to the CoForTraits database (Benedet et al. 2015). 
Various numbers of trees of each species were observed 
every 10 days in the period 1947–1957 in Luki (Coura-
let et al. 2013) and every week in the period 1939–1958 
in Yangambi (Table 1, http://www.cobec ore.org). Yearly 
observations of each tree were compiled to calculate the 
mean probability of observing a leafless tree throughout 
the year for each species. We then calculated the average 
calendar date of leaf fall, flushing and the temporal aggre-
gation of both events for each species in both sites using 
circular statistics (Batschelet 1981; Milton 1991; Davies 
and Ashton 1999). Dates were considered as angles Øi 
between 0° and 360° and the mean angle ∅̄ was calculated 
as:

where

with the number of trees ranging from 1 to n. The tempo-
ral concentration or synchronicity (r) allows estimating the 

(5)
�̄ = arctan

(y
x

)
if x > 0 or �̄ = 180 + arctan

(y
x

)
if x < 0

x =
1

n

∑
cos�i and y =

1

n

∑
sin �i

Fig. 3  Visual representation 
of the three growth descriptors 
derived from the wavelet analy-
sis: a the dominant wavelength 
determining the main periodic-
ity of wood density fluctuation 
(illustrated by the position 
of the peak), b the frequency 
distribution determining the 
regularity of wood formation 
(illustrated by the area under 
the curve) and c the amplitude 
of wood density fluctuations 
(illustrated by the intensity of 
the red/blue coloration)

http://www.cobecore.org
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degree of coordination between trees for leaf shedding or 
flushing:

Finally, we divided the number of years with observed 
leaf fall by the total number of years to calculate the prob-
ability for a tree of a given species to shed leaves during a 
year.

Leaf phenology and wood density variability 
analysis

The number of wood cores per tree varying between two 
and four, wood formation descriptors were averaged at the 
tree level. The obtained values were then compared between 
species, sites and leaf phenologies with Kruskal–Wallis and 
post hoc Dunn tests. The interaction between site and leaf 

(6)r =

√(
x2 + y2

)
.

shedding behaviour was also tested. All analyses were car-
ried out in R 3.3.1 (R Core Team 2016).

Results

Wood anatomy, wood density and wavelet analysis

The relationship between wood anatomy and wood density 
(Fig. 4, Supporting information Fig. S1) shows that wood 
density is mostly driven by the fibres’ anatomy. Zones of 
flattened fibres with thickened cell walls are translated 
into density peaks on the pith-to-bark profiles. Growth 
rings defined by flattened fibres and/or thickened walls can 
clearly be located on a density profile (Fig. 4a, d, f). The 
effects of parenchyma and vessels on wood density are less 
pronounced and it is difficult to locate a variation of these 
tissues with the help of a density profile. Profiles with the 

Fig. 4  Illustration of the relationship between wood-specific grav-
ity (WSG) and wood anatomy. Representation of the last 3 cm under 
bark of transversal surfaces of a A. mannii from Malebo, b A. man-
nii from Yoko, c E. angolense from Malebo, d S. kamerunensis from 
Luki, e O. gore from Malebo and f P. suaveolens from Luki. WSG 

peaks correspond to darker zones defined by flattened fibres and/or 
thickened fibre walls (red rectangles in a, c, d and f). The red rectan-
gle in e points to a WSG decrease driven by an increase in vessel den-
sity. In a, c, d and f, the observed patterns are similar to growth ring 
boundaries (see Tarelkin et al 2016)
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most abrupt density fluctuations show the lowest peak posi-
tions values. An irregular rhythmicity in density fluctuations 
results in wider frequency distributions (and thus greater 
values). Finally, density profiles with the most frequent and 
pronounced density fluctuations have the highest values of 
power spectrum.

Although conspecific trees from different sites are ana-
tomically alike, some details do vary among sites (e.g. 
Fig. 4a, b). In general, trees growing in Luki and Malebo 
exhibit more pronounced variations in fibre diameter or wall 
thickness along the pith-to-bark profile. More examples for 
all species are given in the Supporting Information Fig. S1. 
Anatomical differences between Luki, Malebo and Yoko per 
species are summarized in Table 2. The vast majority of 
differences occurs mainly at the level of fibres’ with only 
one species showing differences in vessel density variation 
and no significant parenchyma density variation observed.

Leaf phenology

Phenology records for all species (Fig. 5) are concordant 
with the CoForTraits database (Table 3). In Luki, trees show 
more synchronicity and longer periods of leaf shedding than 

in Yangambi (Table 3). However, the probability to observe 
a leafless tree of a deciduous species during the dry season 
is similar in Luki and Yangambi (Fig. 5a). The evergreen 
species, with the exception of Tetrorchidium didymostemon, 
show weak differences between sites and the probability of 
leaflessness is low in both sites (Fig. 5b). Although some 
trees of evergreen species show long leafless periods in 
Luki (Pycnanthus angolensis – 115 days, Ongokea gore 
– 50 days), the number of years with leafless events is very 
low (< 20%) compared to the observations of deciduous spe-
cies (> 80%, Table 3).

Leaf phenology and texture variability

Results of the Kruskal–Wallis/Dunn’s comparison tests 
show that leaf phenology influences the main periodicity 
of wood formation (dominant wavelength), while both the 
site and leaf phenology influence the tree growth regular-
ity (frequency distribution) and the amplitude of anatomi-
cal variation (Table 4). Deciduous species exhibit density 
fluctuations with higher amplitudes and narrower widths. 
Dunn’s pairwise comparisons of tree growth descriptors 
between sites (Table 4) and Fig. 6a reveal that the amplitude 

Table 2  Summary of the intra-species differences of anatomical features between sites

/ = there were no trees in one of the studied sites
(–) = no notable difference was observed between the trees from the studied sites

Species Luki-Malebo Malebo-Yoko Luki-Yoko

Anonidium mannii / Variations are much more gradual 
in Yoko samples

/

Canarium schweinfurthii Variation in fibre diameter is more 
abrupt in Luki

Variation in fibre diameter is more 
abrupt in Yoko

Variation in fibre diameter is more 
abrupt in Luki

Cola griseiflora (–) Space between adjacent parenchyma 
bands varies more in Malebo

Space between adjacent parenchyma 
bands varies more in Luki

Entandrophragma angolense Fibre wall thickening is more abrupt 
in Luki

(–) Fibre wall thickening is more abrupt 
in Luki

Gilbertiodendron dewevrei Fibre wall thickening is more abrupt 
in Luki

(–) Fibre wall thickening is more abrupt 
in Luki

Macaranga spinosa (–) Variation in fibre diameter is more 
abrupt in Malebo

Variation in fibre diameter is more 
abrupt depending on individuals

Milicia excelsa Fibre wall thickening is more abrupt 
in Luki

(–) Fibre wall thickening is more abrupt 
in Luki

Ongokea gore Higher vessel density variation in 
Malebo

/ /

Polyalthia suaveolens Fibre wall thickening is more abrupt 
in Luki

Fibre wall thickening is more abrupt 
in Malebo

Fibre wall thickening is more abrupt 
in Luki

Pycnanthus angolensis Variation in fibre diameter is more 
abrupt in Malebo

Variation in fibre diameter is more 
abrupt in Malebo

Variation in fibre diameter is more 
abrupt in Luki

Ricinodendron heudelotii Variation in fibre diameter is more 
abrupt in Malebo

(–) Variation in fibre diameter is more 
abrupt in Yoko

Staudtia kamerunensis Variation in fibre diameter is more 
abrupt in Luki

Variation in fibre diameter is more 
abrupt in Malebo

Variation in fibre diameter is more 
abrupt in Luki

Tetrorchidium didymostemon Variation in fibre diameter is more 
abrupt in Luki

Variation in fibre diameter is more 
abrupt in Malebo

Variation in fibre diameter is more 
abrupt in Luki
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of density fluctuations is higher in Luki than in less season-
ally dry sites such as Malebo and Yoko. Additionally, tree 
growth rhythmicity is significantly more regular in Luki and 
Malebo than in Yoko (Fig. 6b). No significant influence of 
precipitation seasonality was found for growth periodicity 
(Fig. 6c). Contrasts in cambium activity regularity and ana-
tomical variation are consequently more apparent in drier 
conditions and for deciduous species.

Site and phenology effects also interact to influence the 
amplitude of density fluctuations, which is significantly 
lower in evergreen species from Yoko than in the two other 
sites, while deciduous species are not different between sites. 
The wood formation of evergreen species seems more sensi-
tive to shifts in precipitation patterns than that of deciduous 
trees.

Discussion

Our study takes places in the framework of the research 
on the influence of climate change on tree growth. We 
explored intra- and inter-species differences in leaf phe-
nology and wood anatomy along a precipitation gradient 
crossing the critical precipitation threshold of 50 mm per 
month (Worbes 2010; Fichtler and Worbes 2012). Previous 
studies combined wood density and wood anatomy data and 
established a strong link between both (Zanne et al. 2010; 
Zieminska et al. 2013). In our study, we show for the first 
time, for a large selection of African tropical tree species, 
that micro-CT density profiles synthesize various aspects of 
wood growth (i.e. cambial activity rhythmicity, growth-ring 
distinctness). Moreover, the metrics derived from the wave-
let analysis allow to easily compare wood anatomical and 
growth dynamics within and between plant functional types 
(i.e. species, phenologies, etc.). Yet, due to the integrative 
nature of the wood density it remains difficult to disentangle 
the relative contribution of different anatomical features for 
the observed variability of wood density.

Wood anatomy and growth regularity

The deciduous species showed a higher variability in their 
anatomical structure and more consistent interannual growth 
patterns, as indicated by the higher amplitudes and the more 
constant frequencies of density fluctuations. Various stud-
ies have explored the link between deciduousness, cam-
bial activity (O’Brien et al. 2008; Brienen et al. 2016) and 
growth-ring distinctness (Lisi et al. 2008; Nath et al. 2016). 
Deciduous trees are more likely to form distinct growth 
rings with abruptly varying anatomical features in response 
to stress, although several evergreen species forming dis-
tinct growth rings have been reported too (Carlquist 1988; 
Callado et al. 2001; Marcati et al. 2006) and are present in 

our study (e.g. S. kamerunensis, P. suaveolens which are 
among the most common species in Central Africa; Bastin 
et al. 2015b). Moreover, O’Brien et al. (2008) found a nega-
tive correlation between leaflessness and diameter growth 
patterns. Trees shedding leaves once a year are thus likely 
to show more regular patterns of wood density fluctuation.

Our results indicated a higher inter-site variability of ana-
tomical features from pith to bark for evergreen species than 
for leaf-shedding species, with higher variability in the drier 
sites (Luki, Malebo) compared to the wettest (Yoko). It sug-
gests that even though evergreen species do not generally 
form distinct growth rings, they still modulate their cambial 
activity according to environmental conditions (Borchert 
1999; O’Brien et al. 2008), and that wood anatomy reveals 
more subtle responses to climate than leaf phenology. The 
longest dry seasons in Luki and Malebo, coupled to the 
lowest plant extractable water capacities of the soils, may 
cause a periodical water stress that impacts diameter growth 
and increases variability in anatomical features as it was 
shown in other tropical regions (Alvim 1964; Borchert 1999; 
Lisi et al. 2008). Our results hereby corroborate previous 
research along a precipitation gradient in Costa Rica which 
showed that Gmelina arborea trees growing in sites with less 
precipitation had the highest density variability due to more 
distinct growth rings (Moya and Tomazello Filho 2009).

Moreover, trees from drier sites also showed more regular 
growth patterns (the frequency of wood density fluctuations 
remains constant throughout the entire core). The lack of 
strong seasonal growth limiting factors not only reduces the 
variability in wood anatomy but also affects the interannual 
regularity of tree growth. Leaf shedding is also less regu-
lar and synchronized in Yoko, indicating that tree growth 
patterns vary from year to year and between individuals. 
Deciduousness is associated with several tree functions, 
such as carbon sequestration, reproductive events (Singh 
and Kushwaha 2016) and lack of its synchronicity could 
be linked to the interannual irregularity of growth (O’Brien 
et al. 2008).

Wood anatomy and leaf phenology

Leaf phenology differs significantly between Luki and 
Yangambi. Trees shed their leaves by the end of the respec-
tive dry seasons in both sites. These results corroborate pre-
vious studies that link leaf shedding to seasonal droughts 
(Borchert 1999; Couralet et al. 2013; Brienen et al. 2016; 
Nath et al. 2016). The leaf phenology patterns detected in 
Luki and Yangambi differed by the intensity and the length 
of leaf shedding. All deciduous species shed leaves for a 
longer period in Luki and were more synchronous in shed-
ding. These differences may be explained by the longer and 
more intense dry season in Luki leading to an increased leaf 
shedding to reduce evapotranspiration (Borchert 1999). 
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Moreover, several authors reported an insolation-decrease-
driven leaf shedding in tropical forests (Biudes et al. 2015; 
Borchert et al. 2015; Moreau 2016). Luki is the southern-
most site with the shortest photoperiod during the dry sea-
son of June–September. The decrease in day length and a 
thick cloud cover during the dry season in Luki negatively 
affects the light quantity (duration x intensity) and might 
intensify leaf shedding. There is a continuous spectrum of 
varying leaf-shedding patterns between deciduous and ever-
green species in the tropics (Singh and Kushwaha 2016) and 
some evergreen species experience deciduousness in certain 
conditions. While leaf shedding was observed for evergreen 
species, it only concerned very small numbers of trees that 
are probably not representative of the leaf shedding behav-
iour of the entire population.

A strong intra-species intra-site variation in leaf phenol-
ogy was observed. Couralet et al. (2013) reported that, in 
average, the proportion of leafless trees rarely exceeded 50% 
per species in Luki, even for the deciduous ones. Moreover, 
leaf phenology events were asynchronous throughout the 
years in Luki (Couralet et al. 2013; De Mil et al. unpub-
lished) and other regions (Borchert et al. 2015). The lack of 
synchronicity in leaf shedding and flushing complicates any 
generalization about environmental drivers of leaf phenology 
(Viennois et al. 2013) and proves that site-dependent micro-
environmental variations strongly influence leaf phenology 
and tree growth (De Frenne and Verheyen 2016; Singh and 
Kushwaha 2016). Furthermore, this hampers cross-dating of 
tree rings, which complicates further the studies of the rela-
tionship between tree growth and the environment. Due to 
the historical nature of the phenology data used in this study, 
it is difficult to characterize site-dependent micro-environ-
mental conditions of tree growth. Yet, the large temporal 
span and the number of trees described in these databases 
represent a rare and valuable source of information within 
forest ecology and a unique opportunity to assess the varia-
tion of leaf-shedding in the last 70 years.

The predicted shifts of precipitation regimes due to cli-
mate change (James et al. 2013) will influence tree growth 
and it is critical to assess its impact on tropical forests. Our 
results suggest a higher sensitivity to growth conditions of 
evergreen species. They showed the highest anatomy vari-
ability in sites with the most pronounced seasonality, indi-
cating that evergreen tree growth might be more affected by 
changing environmental conditions. Further exploration of 
tree species plasticity in cambial regulation and ultimately 
carbon allocation should provide more information on 

the effects of climate change on tropical forests. Ongoing 
research by De Mil and colleagues (unpublished) showed 
encouraging results in estimating past cambial activity and 
leaf phenology based on intra-annual wood anatomy. Peri-
odic cambial wounding proved its efficiency in tree growth 
studies (Mariaux and Bossanyi 2016) and could help linking 
different climatic events to wood anatomy. The integration of 
these techniques with a more thorough description of micro-
environmental growth conditions and long-term climate 
records should provide useful insights in tree growth–cli-
mate change relationship.

Methodological considerations

Fonti et al. (2010) stressed the importance of studying wood 
anatomical variability in tree growth research. However, the 
authors warned about the risks of analysing too few ana-
tomical features which might lead to obscured or reduced 
ecological information. Fast CT scanning of wood cores and 
wavelet analysis are powerful tools for analysing density 
profiles and wood anatomical variation of a large number of 
samples. The development of metrics quantifying different 
aspects of wood density variability also reduces the sub-
jectivity of visual assessments while limiting the required 
labour cost. Our methodology, therefore sidesteps in part 
the issue of historically labour-intensive methodologies that 
hamper the efforts of the scientific community of acquiring 
ecologically significant number of samples (Brodribb 2017).

Furthermore, our study showed that wavelet analysis 
has the potential to reveal wood formation dynamics and 
resource allocation changes over the years and to provide 
effective tools for studying the climate impact on tree 
growth.

While it is tempting to link the fluctuation patterns of 
xylem features to climate records, our dataset contains 
limitations currently hampering that approach. Since 
trees’ annual growth rates are not constant, a transposition 
of a density profile to a time grid necessitates an adapted 
approach (Verheyden 2004). The anchor-point method fixes 
annual reference points on a timeline (Paillard et al. 1996), 
allowing thus to superimpose the density profiles over the 
climate data. This method was successfully applied by Ver-
heyden et al. (2005) who linked vessel variation profiles to 
climate data with a Fourier transformation. However, the 
annual nature of the observed rings in our sample set and 
the seasonality of their formation are still to be confirmed. 
Although the observed mean ring widths in our sample set 
(0.4–1 cm) are within the range of annual diameter incre-
ments reported in the literature (Lisi et al. 2008; O’Brien 
et al. 2008), additional studies are needed to confirm that 
rings are annual and to determine during which moment 
of the year they are formed. These studies, while feasi-
ble, are complicated by the influence of site-dependent 

Fig. 5  Leaf shedding behaviour of a deciduous and b evergreen spe-
cies in Luki (inner circle) and Yangambi (outer circle). The red–blue 
coloration gradient represents the probability to observe a leafless 
tree of the studied species during the corresponding period of the 
year. Missing observations are represented in grey

◂
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micro-environmental conditions and the subsequent chal-
lenges in cross-dating of the tree rings. Moreover, a higher 
temporal resolution is needed to account for differences in 
intra-annual growth rates (De Ridder et al. 2004) and study 
the effects of seasonal variations of climate. We advocate 

in favour of monitoring cambial activity and leaf phenol-
ogy with sub-annual resolution (with dendrometers, cambial 
wounding, micro-coring; see De Mil 2017), which will help 
linking data such as wood density profiles to climate records 
and studying the influence of climate on tree growth.

Monitoring leaf phenology with standardized and auto-
mated methods will also help updating the databases used 
in this study. Although it would take a long time to reach 
the time spans of previous observations (10–20 years), auto-
mation can increase the number of monitored trees, which 
could help addressing the issues of representativity or site-
depending micro-environmental conditions. Moreover, the 
current data are 60 to 80 years old and were gathered in a 
climatic context different from the current one (IPCC 2013). 
Comparing past and present leaf phenologies would unravel 
a lot of information on trees adaptation to the recent climate 
change.

Conclusions

In this study we investigated the relationship between pre-
cipitation seasonality, leaf phenology and pith-to-bark vari-
ability of wood anatomy. We showed that anatomical fea-
tures vary more abruptly, more regularly and that trees shed 
their leaves for longer periods under environmental condi-
tions with distinct seasonality. Leaf shedding differed among 
species and growth habit. While deciduous species shed 
leaves more in the driest site, they did not show significant 

Table 3  Summary of the leaf 
shedding behaviour in Luki 
and Yangambi: mean length 
of the leafless period for each 
species in both sites, inter-tree 
synchronicity of leaf fall and 
flushing and the proportion 
of years with observed leaf 
shedding averaged on the 
species level

(e) = evergreen and (d) = deciduous are phenology data according to the CoForTraits database (Benedet 
et al. 2015)
NA data not available
/ = no leaf shedding during the observation period
The numbers between brackets in the last two columns are the total number of trees in the database

Species Length of leafless 
period (days)

Synchronicity (r) Proportion of leafless 
years

Luki Yangambi Luki Yangambi Luki Yangambi

(e)Anonidium mannii NA 0 NA / NA 0 (2)
(e)Cola griseiflora NA 22.56 NA 0.44 NA 0.06 (5)
(d)Canarium schweinfurthii 13.30 7.98 0.31 0.15 0.31 (16) 0.65 (5)
(d)Entandrophragma angolense 34.79 13.13 0.71 0.55 0.55 (6) 0.52 (4)
(e)Gilbertiodendron dewevrei NA 0 NA / NA 0 (5)
(d)Milicia excelsa 46.93 33.91 0.62 0.39 0.59 (31) 0.83 (6)
(e)Macaranga spinosa 0 10.05 / 0.59 0 (1) 0.11 (3)
(e)Ongokea gore 50 7.5 1 0.95 0.01 (17) 0.06 (3)
(e)Pycnanthus angolensis 115 0 1 / 0.01 (27) 0 (4)
(e)Polyalthia suaveolens 29.26 NA 0.83 NA 0.02 (50) NA
(d)Ricinodendron heudelotii 79.93 32.13 0.81 0.95 0.64 (46) 0.84 (3)
(e)Staudtia kamerunensis 30 0 1 / 0 (46) 0 (2)
(e)Tetrorchidium didymostemon 40 33.75 0.26 0.71 0.03 (7) 0.07 (3)

Table 4  Summary of the comparison of the density profile descrip-
tors between the studied sites and leaf phenology. P values are calcu-
lated with the Kruskal–Wallis test

The dominant wavelength is expressed in cm while the two other 
descriptors are unitless. The lowest values of frequency distribution 
indicate the most constant frequency of wood density fluctuation 
throughout the profile
L Luki, M Malebo, Y Yoko, D Deciduous, E Evergreen

Grouping factor Growth descriptor Mean (SD) p value

Site Dominant wave-
length

L: 0.67 (0.13)
M: 0.66 (0.1)
Y: 0.67 (0.08)

0.3

Frequency distribu-
tion

L: 3.79 (1.44)
M: 4.01 (1.34)
Y: 4.47 (1.9)

< 0.05

Amplitude of fluctua-
tion

L: 13,791 (7326)
M: 11,446 (6056)
Y: 9948 (6824)

< 0.001

Phenology Dominant wave-
length

D: 0.69 (0.08)
E: 0.65 (0.11)

< 0.001

Frequency distribu-
tion

D: 3.75 (1.82)
E: 4.27 (1.47)

< 0.001

Amplitude of fluctua-
tion

D: 12,814 (6075)
E: 11,158 (7255)

< 0.01
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Fig. 6  Intersite differences of the values of a amplitude of density 
fluctuations, b frequency distribution and c the dominant wavelength 
of the pith-to-bark wood density variations, calculated with, respec-
tively, Eq. 4, Eq. 3 and Eq. 2. Each single value represents the aver-

age at the tree level of the values of each density profile. Species leaf 
phenology is indicated by (e) = evergreen species and (d) = deciduous 
species. The lowest categories (Deciduous and Evergreen) are a col-
lection of all the trees of all the species belonging to the said category
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differences in wood structure between sites. On the other 
hand, evergreen species showed a higher variation in wood 
anatomy across sites, indicating a higher sensitivity to vary-
ing climatic conditions. Although several general trends of 
inter-site and inter-species growth differences could have 
been shown, our study also highlighted the large intra-site 
and intra-species variability, hampering our ability to cross-
date samples between them and stressing thus the impor-
tance of describing the micro-environmental conditions in 
further studies. To address these challenges, we advocate 
in favour of the development of standardized methods to 
monitor leaf phenology and study wood anatomy variations 
of large numbers of samples with sub-annual temporal reso-
lutions. By proposing new methods for studying tree growth 
with wood density profiles, our study opens interesting per-
spectives in the study of tropical forests and on carbon stock 
variations.
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