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Abstract

Key message Understanding species-specific response as

well as wedging and zero xylem growth is vital for tree-

ring analysis of tropical understory trees.

Abstract Knowledge on intra-annual xylem growth

remains understudied in tropical regions, especially for

understory species. However, it is important to disentangle

seasonal tree response in this complex environment. The

aim is to assess intra-annual wood formation and its vari-

ability in selected understory tree species of a semi-de-

ciduous tropical forest. The cambium of four species from

the Luki reserve of the Mayombe (DR Congo) was

monthly marked at the stem base via the pinning method.

To assess ring anomalies on the stem disks, digitization of

the last 5–10 rings was performed along the circumference.

Relative growth was determined based on X-ray CT vol-

umes of the pinning zone, as well as on sanded surfaces and

microsections. Stem disks allowed to visualize ring

anomalies and growth variations. Intra-annual growth was

successfully derived via X-ray CT and could be fitted with

a Gompertz function. A species-specific response is

observed, although there is circumferential variability.

However, the most remarkable result is that many of the

trees in the data set had no xylem formation at the stem

base, throughout the entire season, thus forming missing

rings. Intra-annual variability in growth illustrates the dif-

ferent responses of species and individual trees to envi-

ronmental drivers. Phenology might explain the

differences, although site and competition should be con-

sidered as well. A large number of trees show no xylem

growth at all, apart from wound-induced local growth,

causing missing rings which have important implications

for the tree-ring analysis in tropical regions.

Keywords Cambial pinning � Mayombe � Tropical tree

growth � Tree-ring analysis � X-ray CT � Zero growth � DR

Congo

Introduction

Studying tree rings in Africa is vital for the assessment of

tree response to a changing climate (Gebrekirstos et al.

2014). Due to lower seasonal changes in tropical regions,

tree-ring analysis is often difficult to perform and more

information is needed to assess the climate response.

Adding intra-annual growth information to these rings leads

to specific information that increases our knowledge on how

tropical trees react on, for instance, extreme events, such as

drought, occurring occasionally within the growth season.

Such droughts can lead to structural changes within the tree-

ring boundaries, causing intra-annual density fluctuations

(Battipaglia et al. 2010). Despite the importance of

revealing intra-annual response of tropical trees, only few

studies exist on intra-annual xylem formation (Bauch et al.

2006; Marcati 2006; Trouet et al. 2012), and, especially, in
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the wetter tropics (Amobi 1973; Dié et al. 2012; Morel et al.

2015). Intra-annual wood growth has extensively been

studied on conifers (Camarero et al. 2010; Rathgeber et al.

2011; Cuny et al. 2015) as well as on angiosperm trees (van

der Werf et al. 2007; Michelot et al. 2012), through various

techniques, such as dendrometers (Deslauriers et al. 2003),

micro sampling (Rossi et al. 2006, 2013), and cambial

pinning, each with their advantages and disadvantages

(Mäkinen et al. 2008). Low cost, ease of implementation

and the possibility of calculating relative growth (Seo et al.

2007) promote the use of cambial pinnings, especially in

remote regions. The cambial pinning technique, first intro-

duced by Wolter (1968), is used to periodically wound the

cambium, to derive intra-annual wood formation. A thin

needle is inserted through the bark and cambium into the

xylem of the tree. The wounding initiates the formation of

wound tissue and modified wood reaction cells around the

pinning canal (Couralet 2010). The wound reaction can be

used as a timer to monitor the amount of wood formation

within a certain time period (Seo et al. 2007). Many studies

involving pinnings in the tropics are often merely used to

check whether rings are formed annually (Mariaux 1967;

Dünisch et al. 2002; Verheyden et al. 2004; Lisi et al. 2008;

Chowdhury et al. 2015; Remane and Therrell 2015), thus

not revealing the total intra-annual information within the

tree ring. Therefore, intra-annual studies are urgently

needed.

However, several challenges occur in revealing the

tropical tree response: given the intrinsic plastic behaviour

of the cambium in trees growing in regions with less pro-

nounced seasonality (Cherubini et al. 2013), wedging rings

and false rings occur and they are mostly described through

the tree-ring analysis as a cross-dating problem (Worbes

2002). To our knowledge, this circumferential variability is

not being considered during cambial pinning experiments

(but see Krepkowski et al. 2012 and Lupi et al. 2013 for

micro-coring), but especially relevant in the tropics. It is

also a tedious procedure to prepare proper samples

(Mäkinen et al. 2008) and tropical hardwoods have a more

complex anatomy compared with conifers, which requires

methodological improvements in some cases. Moreover,

specifically, the evergreen understory and canopy species

still remain largely understudied in Africa.

This paper explores intra-annual xylem formation for

selected canopy and understory trees of the Luki Biosphere

Reserve. We hereby complement the previous research in

the study area (Couralet et al. 2010), which has shown

species-specific response based on dendrochronology and

seasonal diameter measurements. X-ray Computed

Tomography (X-ray CT) imaging was proposed as a

method to infer intra-annual xylem growth; it has been

shown before that X-ray CT can be used to assess the

wound tissue non-destructively in 3D (Stoffel and

Klinkmüller 2013; Ballesteros-Cánovas et al. 2015). In this

study, the primary objective was to analyse the variability

of intra-annual xylem formation between species, between

individuals and finally at the individual level.

Materials and methods

Study site

The Luki Biosphere Reserve is located in the west of the

DR Congo, 120 km from the Atlantic Coast and the most

southern part of the Mayombe forest (Fig. 1), and may be

considered as representative for the flora of the Mayombe

(Lubini 1997; Couralet 2010).

The Luki reserve can be classified as tropical semi-ev-

ergreen forest of the Guineo-Congolean forest domain, and

consists of a mixture of evergreen and deciduous species in

the upper-stratum and mostly evergreen species in the

understory (Lubini 1997). The soils are generally deter-

mined as ferralitic, acid, and with poor chemical content

(Senechal et al. 1989). The region is assigned to tropical

savanna climate or tropical wet and dry climate, corre-

sponding to the ‘Aw’ climate of the Köppen climate clas-

sification (Peel et al. 2007), lies at the edge of the Atlantic

Equatorial Coastal forest ecoregion (Olson et al. 2001) and

the forest type is classified as dry forest and thicket (White

1983). This makes the Luki reserve an important location

concerning tree response on environmental forcing. June to

September, with a monthly precipitation less than 50 mm,

defines a distinct dry period. In general, these low precip-

itation values would not be favorable for the presence of

the dense humid Mayombe forest (Couralet 2010). How-

ever, the cold Benguela stream in the gulf of Guinea cre-

ates a thick, low-level, non-precipitating cloud layer during

the dry season (Pendje and Baya 1992). During this dry

period, the inter-tropical convergence zone moves north,

yet a thick cloud cover results in high relative humidity as

well as a decrease in temperature, due to a lower sea

temperature. As a consequence, the solar irradiance and

temperature are lower than average, yet relative air

humidity remains high all year long. Plants, most probably,

do not experience extreme water stress during the dry

period (Lubini 1997; Couralet et al. 2010).

The selected individuals all grew in the same old-growth

forest stand, close to the INERA (Institut National pour

l’Etude et la Recherche Agronomiques) research station of

Luki. Species were selected based on their abundancy,

ability to form growth rings (Fouarge and Gérard 1964;

Couralet et al. 2010b), and degree of wedging, based on the

previous sample campaigns (data not shown). Selection

criteria in the field were health, maturity, and, if possible,

roundness and straightness of the stem.
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Cambial marking and sample preparation

Twelve trees of four different species (3 Greenwayoden-

dron suaveolens, 3 Xylopia wilwerthii, 3 Corynanthe

paniculata and 3 Aidia ochroleuca) in the same site were

selected and pinned monthly with a straight pin during one

growth season (11 months, starting from 21/09/2013 till

21/07/2014). Each monthly pinning was repeated three

times in a spiral arrangement (Fig. 2), shifted 5 cm to one

another to avoid interference of nearby pinnings. The

selected species are evergreen mesophanerophytes

(8–30 m in height), except for G. suaveolens, which is a

megaphanerophyt (more than 30 m in height). All species

are widespread in the Guineo-Congolean forest domain.

In September 2014, all trees were felled and stem disks,

including the pinnings, were sampled. Subsequently, stem

disks were dried at room temperature (about 25 �C) during a

period of 4 months after which disks were subdivided into

three smaller disks each containing 11 consecutive monthly

pinnings. In addition, pinning samples for A. ochroleuca, C.

paniculata, and X. wilwerthii were available from a previous

pinning campaign in the season 2006–2007, from a site

nearby the same study area (Couralet et al. 2010).

Flatbed imaging of stem disks and X-ray computed

tomography of pinnings

The stem disk surface was progressively sanded (50–600

grid size) for proper visualization of the macroscopic tree-

ring structure. The pinned stem disks were scanned with a

flatbed scanner (EPSON Perfection 4990 PHOTO), at a

resolution of 1200 dpi, followed by the digitization of the

last 5–10 rings with the ImageJ (Schneider et al. 2012) to

identify ring wedging. These rings can serve as an overlay

and enable the detection of anomalies before sampling of

the pinnings for further analysis.

Cylinders of approximately 1.5 cm in diameter and

1 cm in length containing the pinnings were then sampled

from the stem disks. These cylinders were scanned with

X-ray CT, resulting in a 3D view on the wood structure

Fig. 1 Location of the Luki Biosphere Reserve in the DR Congo, at the edge of the Mayombe. The depicted Atlantic Equatorial Coastal forest

ecoregion delimitation is adopted from Olson et al. (2001)
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around the pinned zone. This allowed to assess the pinning

structure and quality before sanding or cross sectioning.

The Nanowood scanner used at Woodlab-UGent is a

setup developed at UGCT (Dierick et al. 2014), the Ghent

University Centre for X-ray Tomography, in collaboration

with XRE (http://www.XRE.be). Specimens were scanned

with the standard cone-beam X-ray CT with a scan time of

approximately 21 min per sample. Reconstruction was

performed with Octopus, a tomography reconstruction

package for parallel, cone-beam geometry, and helical

geometry, as well as phase correction and retrieval

(Vlassenbroeck et al. 2007, licensed by InsideMatters:

http://www.insidematters.eu). Beam-hardening correction

was applied, both by hardware as well as software filtering.

The obtained approximate voxel pitch is 10 lm.

Anatomical differences between regular wood structures

and wound-induced features enable the localization of the

cell boundary before and after pinning of the cambium.

X-ray CT guided thin cross sections of pinning sections

were taken for detailed study of the wound tissue if relative

growth could not be measured on the X-ray CT volumes.

Intra-annual xylem formation

The increment from the beginning of the growth season up

to the pinning date was measured. Following Seo et al.

(2007), the increment up to the harvesting date was addi-

tionally measured to correct for eccentric xylem growth.

The measurements provide a time series of relative radial

growth during almost one growth season.

A Gompertz function (Gompertz 1825 in Winsor 1932)

was fitted to the time series of relative growth data. The

Gompertz function has been applied in several studies of

radial xylem growth in boreal and temperate regions

(Deslauriers et al. 2003; Rossi et al. 2003; Mäkinen et al.

2008), but applications for tropical regions are not repor-

ted. Because of its flexibility and asymmetrical shape, the

Gompertz equation has been proven successful to describe

growth–time relationships (Zeide 1993; Mäkinen et al.

2008). The Gompertz equation is defined as:

RG ¼ ae�eb�jt

where RG is relative growth, a is the upper asymptote, b is

the x-axis placement for the location of the origin (Cuny

et al. 2013), j stands for the rate of change parameter, and

t is the time expressed as the number of days from the first

cambial pinning (here, 21/09/2013 and 01/10/2006 for the

considered seasons). All processing steps were done in

Matlab R2015b�.

The cylinder samples were cut to cubes of about 1 cm3

containing the pinning. These cubes were heated in the

oven for 24–48 h at 70 �C in a mixture of 60 % H2O, 30 %

glycerol, and 10 % alcohol to soften the tissue for proper

micro-sectioning. Transversal sections with a thickness of

20–30 lm were cut on a sliding microtome and coloured

with safranin/astra blue and fixed in Euparal resin.

(a)
(b)

Fig. 2 G. suaveolens individual with a monthly cambial pinnings and b corresponding sample scheme of pinnings and replicates

52 Trees (2017) 31:49–61
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Results

An overview of the sampled trees with their biometric

parameters is given in Table 1. Some pinnings could not be

used, because the needle did not reach the cambium due to

the thick bark.

Digitized ring contours and X-ray CT-based relative

growth measurements

The digitization of stem disks and ring indications allows

mapping of irregular stem growth and assessing the impact

of wedging (Fig. 4). Thus, wedging rings and eccentric

growth can easily be detected. Furthermore, this allows to

locate the pinnings accurately on the digitized disks when

subsampled for X-ray CT.

Using X-ray CT imaging, one is able to section the

pinning virtually, at any direction to search for the best

cross section to perform the measurements (Fig. 3). The

axial region to perform the distance measurement is not

always right on the pinning spot, but rather more above and

below the wounding. Bright spots around the pinning zone

are due to iron oxide of the needle as well as wound-

induced depositions. Xylem growth is visible after the

wound formation, thus distances can easily be measured

(arrows Fig. 4a).

Table 1 Overview of the studied samples

Season Species No. of

trees

Tree height

range (m)

Dbh range

(cm)

Digitized

disks

X-ray

imaging

Intra-annual

curve

Zero

growth

2013–2014 Greenwayodendron suaveolens 3 20–25 22.9–34.5 3 3 3 –

Aidia ochroleuca 3 12–14 22.6–26.3 3 3 3 –

Corynanthe paniculata 3 12–22 12.4–27.5 3 3 1 2

Xylopia wilwerthii 3 11–12 18–29.3 3 3 3 –

2006–2007 Aidia ochroleuca 4 – 14.9–23.0 – – 4 –

Corynanthe paniculata 7 – 18.4–46.0 – – 5 2

Xylopia wilwerthii 6 – 15.4–21.0 – – – 6

Fig. 3 X-ray CT images allow to sample the best cross section for relative growth measurements. a Transversal view with a section (horizontal

line) of the b radial view. Scale bar 1 cm
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Species-specific xylem formation

All species in this study show xylem growth cessation

during the dry season: on the X-ray CT pinning images of

July, only the needle insertion is visible and the tree ring

has fully developed (Fig. 3). A species-specific xylem

growth response is observed and Gompertz functions could

be fitted to the relative growth increments (Fig. 5;

Table 2). The peak of xylem growth for all individuals

bFig. 4 Stem disk images with digitized contours of the last 5–10

rings, including wedging rings, derived from digitized stem disks for

a A. ochroleuca, b G. suaveolens, and c C. paniculata. White lines

represent normal rings; red lines indicate wedging rings. For a and c,
measurements were only performed on a section of the total

circumference. Indication of the measurements on the X-ray cross

section is shown: dashed line is the tree-ring boundary, red arrows

indicate the growth till pinning, yellow the total ring width to achieve

relative growth. Scale bar 1 mm

(a) (b) (c)

(d) (e) (f)

Fig. 5 Intra-annual relative growth for a A. ochroleuca, b C.

paniculata, c G. suaveolens, and f X. wilwerthii for the growth

season 2013–2014. For d A. ochroleuca and e C. paniculata, growth

curves of the season 2006–2007 were available as well. Solid lines

represent the Gompertz fit, dashed lines the 95 % prediction interval.

Vertical lines indicate the point of inflection, i.e., the maximum

growth rate

Table 2 Statistical parameters of the Gompertz fit

Species Year A (95 % PI) B (95 % PI) C (95 % PI) SSE R square DFE Adj R-sq RMSE

A. ochroleuca 2013–2014 1.20 (1.03, 1.36) 1.98 (1.58, 2.38) 0.36 (0.26, 0.46) 0.10 0.98 27 0.97 0.06

2006–2007 1.12 (0.93, 1.30) 2.08 (1.48, 2.67) 0.38 (0.25, 0.51) 0.20 0.96 30 0.96 0.82

G. suaveolens 2013–2014 1.04 (0.989, 1.10) 3.88 (3.09, 4.67) 0.68 (0.54, 0.82) 0.04 0.99 21 0.99 0.04

C. paniculata 2013–2014 1.11 (0.96, 1.26) 4.04 (2.88, 5.20) 0.58 (0.40 0.77) 0.01 0.99 8 0.99 0.04

2006–2007 1.23 (0.94, 1.51) 2.23 (1.60, 2.85) 0.35 (0.21, 0.49) 0.30 0.94 35 0.94 0.09

X. wilwerthii 2013–2014 0.86 (0.59, 1.13) 1.31 (0.08, 2.54 0.43 (-0.05, 0.90) 0.32 0.79 13 0.76 0.16

2006–2007 (–) (–) (–) (–) (–) (–) (–) (–)

PI prediction interval, SSE sum of squared errors of prediction, R square coefficient of determination, DFE degrees-of-freedom for error, Adj R

square adjusted coefficient of determination, RMSE root -mean-square error
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seems to be more or less synchronous, around February–

March. All individuals of A. ochroleuca showed a similar

intra-annual growth pattern, starting between September

and October 2013 and ending between May and June 2014

(Fig. 5a).

Three individuals of G. suaveolens also showed similar

intra-annual wood formation, starting between December

and January (Fig. 5c). Despite some wedging in the pre-

vious rings, a complete ring was formed during 2013–2014

(Fig. 4b). Yet, one G. suaveolens individual had clear

wedging with pinning 4, 5, 6, and 7 occurring on an absent

ring (Fig. 5c). Stem disks, fortunately, allowed to interpret

this wedging. The remainder of the pinnings on this indi-

vidual was included for the Gompertz fitting.

We could only establish a growth curve of one C.

paniculata individual (Fig. 5b). This individual only starts

growing in January and has a substantial growth lag

compared with the other species in 2013–2014.

For A. ochroleuca, the growing range of 2006–2007 is

of the same order as observed in the season 2013–2014

(Fig. 5a, d). However, growth of C. paniculata in

2006–2007 started growing much earlier compared with

the season 2013–2014 (Fig. 5b, e), which is similar to the

curve of A. ochroleuca (Fig. 5b vs. Fig. 5e).

Intra-individual growth: ring anomalies

In addition to wedging for the G. suaveolens sample, more

extreme cases of ring anomalies occur: two C. paniculata

individuals even have no discernible growth, while only

wound-induced tissue is observed (Table 2; Figs. 6a, 7),

resulting in a missing ring. The extent of the wound-
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Fig. 6 Stem disk images with digitized contours of the last 5–10

rings for a C. paniculata showing only wound-induced xylem growth,

and b X. wilwerthii showing circumferentially variable intra-annual

growth. White lines represent normal rings; red lines indicate wedging

rings. For b, measurements were only performed on a section of the

total circumference. Scale bar 1 mm
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induced xylem clearly shows that the tree still has a living

cambium, despite not forming any detectable xylem growth

elsewhere on the stem disk.

Next to wedging, a significant circumferential variabil-

ity hampers proper analysis of cambial pinnings for the X.

wilwerthii samples from 2013–2014. This variability is

seen on the digitized stem disks as highly variable ring

width (Fig. 6b).

Although radial growth could be measured, the circum-

ferential variability in intra-annual growth rate hampered the

construction of a consistent intra-annual curve (Fig. 5f),

even if relative growth was always present (X-ray images

Fig. 6b). Fitting of a Gompertz model was possible, but

model quality parameters are considerably lower (Table 2).

Discussion

Ring digitization to account for anomalies and X-ray

CT for measuring intra-annual growth

The digitization of stem disks allows to assess the cir-

cumferential variability on the stem disks, similar to the

annual ring diagrams described in Larson (1994). It is a

convenient way to identify matching rings and anomalies

along the entire circumference, and is of high importance

for trees in tropical regions (Latte et al. 2015). X-ray CT

allows to assess the wound tissue in 3D, before sanding or

sectioning, which might erase the pinning spot and could

lead to sample loss.

Fig. 7 C. paniculata sample with a pinning from September 2013.

Only pinning-induced local growth occurred for the entire growth

season, which means that no ring was formed. Full arrow indicates

callus formation above the pinning wound, empty arrow shows onset

of wound-induced xylem, dashed line indicates the previous growth

ring boundary. Scale bar 100 lm
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Species-specific and intra-species variation in intra-

annual response

The early onset of the A. ochroleuca data concurs with

earlier investigations based on monthly diameter mea-

surements (Couralet et al. 2010). The most significant

observation for 2013–2014 is the late onset of growth for

G. suaveolens and C. paniculata. For G. suaveolens, this

observation is consistent for the three individuals, whereas

for C. paniculata, only one individual has a late onset of

growth, while the other two individuals only show wound-

induced cambial activity during the entire growth season.

Some wedging was observed for G. suaveolens, but for all

individuals, a growth curve could be established, as this

species is known to have dendrochronological potential

(Worbes et al. 2003). For C. paniculata, the observed late

onset concurs with Couralet et al. (2010), based on the tree-

ring analysis, where the species reacts on late-season cli-

matic events.

Combined observations of phenology and wood forma-

tion are key in understanding tree-growth response in

temperate regions (Michelot et al. 2012). Although no

direct connection between flowering and wood formation

has been found yet in the tropics, phenology monitoring of

these evergreen species could tell whether leaf and cam-

bium phenology are synchronous. A forest-wide bimodal

flowering pattern based on data from Couralet et al. (2013)

could explain the differing growing onsets. For A. ochro-

leuca and G. suaveolens, the respectively early and late

onset coincide with the flowering pattern seen in Fig. 8.

This bimodality concurs with the findings of Borchert et al.

(2005).

However, there are large differences in onsets between

the season 2013–2014 and 2006–2007 for C. paniculata.

Naturally, these trees were sampled from a different site

and a different season. Thus, other factors, such as site, as

well as social status of the individual due to competition

can also have a considerable influence on the onset

(Rathgeber et al. 2011). Increasing competition can lead to

later onsets and smaller ring width. Ultimately, a further

lack of assimilates due to this competition will hamper

proper ring development along the entire circumference,

which leads to intra-individual variations.

Intra-individual variation: wedging, zero xylem

growth at the stem base, and circumferential

variation

The studied understory species show different ring

anomalies, ranging from wedging to the extreme case of

zero growth, resulting in missing rings and concurring with

the zero radial increment of certain individuals observed by

Couralet et al. (2010) at the sampled height.

Unfortunately, a little information exists on the causes

of these ring anomalies and their drivers in the tropics. The

only literature at hand comes from temperate and boreal

regions, with trees growing under climatic stress. The

understory position of the trees in this study, however, also

gives rise to stresses, such as changing light conditions

(Worbes and Fichtler 2010) and a small crown due to

competition, thus provoking limited availability of assim-

ilates which could be the cause of an increased wedging.

Indeed, Wilmking et al. (2012) mention that tree species

which are limited in resources start forming wedging rings,

and, consecutively, higher stress levels cause zero xylem

growth at the stem base resulting in missing rings. Using

digitized stem disks, we, indeed, noticed that multiple

wedging rings occur in growth years prior to the pinning

season, which could indicate an increase in stress eventu-

ally provoking zero growth of the C. paniculata samples

from 2013–2014. Finally, it is known that missing rings are

more frequent in older and larger trees (Novak et al. 2016),

but no direct link could be found here between tree size and

frequency of wedging for the samples investigated
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(Table 1). It should be mentioned, however, that tree-ring

studies along the stem axis (Fritts 1976; Leland et al.

2016), as well as vertically consecutive tree diagrams

(Larson 1994) show that tree rings can still form further

upwards in the canopy, even though missing rings are

present at the sampled height.

Our observation of wound-induced xylem formation

adjacent to the needle insertion (Fig. 7), despite the zero

growth elsewhere along the circumference, gives indirect

evidence of ring formation further upwards in the stem

axis. The phloem fails to provide assimilates for actual

xylem formation at the stem basis, but is still able to form

wound-induced xylem. This could imply that the cambium

is inactive but can be activated by wounding, resulting in

local growth (Copini et al. 2014), a term which we will

refer to instead of wound-induced xylem growth. In the

latter study, local growth was measurable at the end of the

growth season while being masked earlier in the season.

However, in our study, the zero growth samples show local

growth all year round. What is even more, in some cases,

wood formation does not occur around the wound-induced

zone, yet the ring tends to reappear further away from the

pinning along the circumference. Hypothetically speaking,

when resources are limited, a local triggering of a hor-

monal response (Copini et al. 2014) could lead to a com-

pensational mechanism with a local decrease in xylem

growth in the area adjacent to the local growth zone.

When excessive circumferential variability in growth

rate exists, however, such as for X. wilwerthii (Figs. 5f,

6b), accurate intra-annual xylogenesis curves cannot be

obtained. Abundant wedging occurs in the previous rings,

but not during the pinning experiment. Despite corrections

applied here, as reported in Seo et al. (2007), the intra-

annual growth seems to be too irregular, making it difficult

to see in what part of the season X. wilwerthii is growing,

emphasizing the remarkable asymmetrical plasticity of the

cambium around the circumference. This is a major chal-

lenge in the tree-ring analysis (Cherubini et al. 2013), as

eccentric stems might exhibit circumferentially differing

tree response (Buras and Wilmking 2014).

Conclusion

This is the first study of intra-annual xylem growth on

understory species in tropical Africa. Stem disks were

digitized to map and track ring anomalies, such as wedg-

ing. X-ray Computed Tomography proves to be an efficient

tool for measuring relative growth, and, if needed, provides

a guided selection for micro-sectioning or sanding. We

show varying intra-annual growth patterns, which imply

species-specific responses on climate. The bimodal flow-

ering pattern might be an explanation for the intra-annual

growth differences between species. However, these

responses can also be influenced by other factors, such as

site and competition. As seasonality is weaker in the

tropics compared with more temperate regions, the impact

of aforementioned factors can be considerable. The striking

observation that so many sampled pinnings showed no

xylem growth at the stem base, apart from wound-induced

local growth, emphasizes the complexity of tropical wood

formation and resource availability of these species. There

is a need for additional thorough research on the phe-

nomena, such as local growth and wound-induced wood

formation. The aspect of wedging and missing rings is well

documented in temperate and arctic regions. However, it is

rarely studied in the tropics, though it is being widely

acknowledged as a problem in the tropical tree-ring anal-

ysis. Therefore, pinning and related studies are essential to

explain difficulties in the tree-ring analyses, especially in

the African forests, where many species remain

understudied.
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the Köppen-Geiger climate classification. Hydrol Earth Syst Sci

11:1633–1644

Pendje G, Baya M (1992) La réserve de biosphère de Luki
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