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Abstract The analysis of tree rings in the tropics is less 
straightforward than in temperate areas with a demarcated 
unfavourable winter season. But especially in mangroves, 
the highly dynamic intertidal environment and the over
riding ecological drivers therein have been a reason for 
questioning the existence of growth rings. This study aimed 
at casting light on growth rings in mangroves. In six 
mangrove species growing in Gazi Bay, Kenya (Sonneratia
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alba. Heritiera littoralis. Ceriops tagal. Bruguiera gym
norrhiza, Xylocarpus granatum  and Lumnitzera racemosa), 
the occurrence of growth rings was examined. Growth rate 
of each species was determined based on a 1-year period 
using the cambial marking technique. The effect of climate 
was furthermore considered by comparing the results with 
a number of wood samples originating from contrasting 
climatic regions. We can conclude that for growth rings to 
appear in mangroves more than one condition has to be 
fulfilled, making general statements impossible and 
explaining the prevalent uncertainty. Climatic conditions 
that result in a range of soil water salinity experienced over 
the year are a prerequisite for the formation of growth 
rings. For species with an anatomy characterized by 
indistinct ring boundaries, this should be combined with a 
growth rate of at least 0.3 mm/year. The use of growth 
rings for age or growth rate determinations should thus be 
evaluated on a case by case basis.

Keywords Mangrove tree rings and growth rate • 
Pinning method • Salinity • Inundation frequency • Kenya • 
Dendrochronology

Introduction

Because of the lush vegetation and the absence of clearly 
defined seasonality, prejudice against acceptance of for
mation of annual rings in tropical trees has existed for a 
long time (e.g. Jacoby 1989; Walter and Breckle 1999). 
From the beginning of the twentieth century, however, the 
existence of annual rings in tropical trees has been reported 
recurrently (Geiger 1915; Coster 1927; Coster 1928; 
Berlage 1931; Mariaux 1967a, b, 1969, 1981; Worbes and 
Junk 1989; Worbes et al. 1992, 2003; Worbes 1995; Trouet
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et al. 2001; Fichtler et al. 2003, 2004; Verheyden et al. 
2004b, 2005; Brienen and Zuidema 2005; Roig et al. 2005; 
Schöngart et al. 2006). The base of tree ring formation is 
the reaction of woody plants to seasonally fluctuating 
growth conditions: the alternation of specific wood ana
tomical features. This variance can result from a cambial 
dormancy, but also from a change in growth rate. In the 
tropics (1) the variation in precipitation between a rainy 
and a dry season (Worbes 1997; Brienen and Zuidema 
2005; Verheyden et al. 2005; Trouet et al. 2006; Schmitz 
et al. 2007) and (2) annually occurring floods of great river 
systems (Worbes 1985, 1997; Schöngartet al. 2004; 2005) 
can affect annual tree growth. However, we should not 
deny that the absence of annual and/or distinct rings 
remains a common problem in dendro(chrono)logical and 
ecological studies of tropical trees (e.g. Worbes 1990; Sass 
et al. 1995; Dunisch et al. 2002; Brienen and Zuidema 
2005; Hancock et al. 2006).

Although studies on mangrove stem increment have 
been going on for almost a century (e.g. Baker 1915; 
Amobi 1974; Duke et al. 1981; Shiokura 1989; Aziz and 
Khan 2001; Verheyden et al. 2004b; Krauss et al. 2006, 
2007; Rajkaran and Adams 2008; Schmitz et al. 2008) it 
has never been clear whether annual growth rings are 
present in mangrove tree species. While some studies 
mentioned the absence of growth rings in several species 
(Marco 1935; Van Vliet 1976; Sun and Suzuki 2000), 
others did find rings although margins were not necessarily 
distinct (Amobi 1974; Rao et al. 1987; Srivastava and 
Suzuki 2001). More recent studies reported annual growth 
rings in more than one species (Menezes et al. 2003; 
Verheyden et al. 2004a, b, 2005; Yu et al. 2004, 2007; 
Chowdhury et al. 2008). Not water availability but soil 
water salinity (Robert et al. 2009b) was assigned as the 
major seasonal variable causing wood anatomical changes 
and hence growth rings. This discovery opens up new 
vistas to the analysis of mangrove growth rings for tree age 
and growth rate estimations. In view of the carbon 
sequestration programmes being set up in the framework of 
the Kyoto protocol, these approximations are essential to 
come to reliable predictions (Nabuurs and Mohren 1995; 
Field 1998; Vieira et al. 2005; Manhas et al. 2006; 
Mattsson et al. 2009) and are currently not available. 
Insight into mangrove wood formation is also needed to 
optimize and to acquire a scientific basis for forest man
agement and plantation activities.

In the present study we investigated the occurrence of 
growth rings in six mangrove species growing across the 
intertidal area of the Kenyan coast, including a limited 
number of Rhizophora congeners growing under different 
climate conditions. This allowed comparison of species 
within one climatic context as well as an intrageneric 
comparison over climate types. The aim of the study was to

examine the growth rate of these mangrove species, as well 
as their wood anatomy for occurrence of putative growth 
rings in relation to climate and local site conditions (soil 
water salinity and inundation frequency). Making use 
of the cambial marking technique (Mariaux 1967a, b; 
Verheyden et al. 2004a; Schmitz et al. 2007, 2008) growth 
rate of the different species was measured from May 2005 
to June 2006, and the number of growth rings formed 
within this year was counted. We wished to understand the 
causation of ring formation, but first addressed the actual 
presence of tree rings.

Materials and methods

Study area

The research was conducted in the mangrove forest of Gazi 
Bay (4°25' S, 39°30'E) at the Kenyan coast (Fig. 1). The 
forest has a total area of about 600 ha (UNEP 2001; 
Neukermans et al. 2008). Sampling was done in five sites 
(site 1-5, Fig. 1) from the bay up into the creek and to the 
mouth of the Kidogoweni (Fig. 1), a seasonal river func
tioning as an important source of freshwater for the forest 
during the rainy season (Kitheka 1997). The climate along 
the Kenyan coast is characterized by a bimodal distribution 
of precipitation with a distinct dry season from December 
to March that is followed by a long and a short rainy season 
from April to July and from October to November, 
respectively (Fig. 2c). Mean annual temperature ranges 
from 22 to 30°C, while mean relative humidity ranges from 
65 to 81% (annual averages of minima and maxima from 
Mombasa for the period 1972-2001, data from the Kenyan 
Meterological Department, Mombasa, Kenya).

For each study site, soil water salinity and inundation 
class have been measured as described in Schmitz et al. 
2008 and Robert et al. 2009a. Soil water salinity mea
surements were made with a hand-held refractometer 
(ATAGO, Tokyo, Japan) at approximately 25 cm depth. 
Inundation classes are according to Tomlinson (1994) 
where class I, II, III and IV correspond to areas inundated 
by 100-76, 75-51, 50-26 and 25-5%  of the high tides, 
respectively.

In addition to the sample set obtained by fieldwork, four 
stem discs of Rhizophora were selected from the Tervuren 
Xylarium to examine the presence of growth rings under 
different climatic and/or environmental conditions (Fig. 2). 
One disc was taken from Rhizophora apiculata from Galle, 
Sri Fanka (Tw57236) that experiences an equatorial climate 
(Peel et al. 2007), one from R. mucronata from Djibouti 
(Tw39263) with a warm desert climate (Peel et al. 2007) 
and two discs from R. mucronata from site 1 (Tw56729) 
and site 3 (Tw55886) in Kenya (Table 1; Fig. 1).

Ô  Springer



Trees (2011) 25:49-58 51

Fig. 1 QuickBird satellite 
images o f Gazi Bay acquired in 
2002 (Neukermans et al. 2008) 
and map of east Africa situating 
Gazi Bay on the Kenyan east 
coast (black dot). The five study 
sites together with the genera 
from which stem discs have 
been taken are indicated 
(site 1-5). Tile Kidogeweni, 
a seasonal river that provide 
freshwater to the mangrove 
forest, is indicated on the top 
left satellite image. Adapted 
from Robert et al. 2009a

Cambial marking and wood analysis

Besides R. mucronata and Avicennia marina that have been 
analysed in previous studies by Verheyden et al. (2004b) 
and Schmitz et al. (2007, 2008), six other Kenyan man
grove species that occur widely in the forest of Gazi were 
investigated, i.e.. Sonneratia alba. Heritiera littoralis. 
Ceriops tagal. Bruguiera gymnorrhiza. Xylocarpus gra
natum and Lumnitzera racemosa. Two to six moderately 
sized trees were randomly sampled (with the post-experi- 
ment felling in mind) from two study sites for each species. 
For C. tagal and L. racemosa all studied trees exceptionally 
originated from site 4 (Table 1; Fig. 1). The cambium of 
the mangrove trees was marked in May 2005 at 130 cm 
height using a hypodermic needle with a diameter of 
1.2 mm. Four additional C. tagal trees (Tw57794-97), of 
which the cambium was marked in October 1999 by Anouk 
Verheyden, were included in the study. Before felling in 
June 2006, tree height was determined trigonometrically 
and stem circumference at 130 cm height was measured 
from which stem diameter was derived. Temperature as 
well as rainfall of the years studied are within the normal 
range for the region (Lieth et al. 1999 and data from the 
Kenyan Meterological Department, Mombasa, Kenya).

All wood discs collected from the marked areas were 
air-dried and deposited in the wood collection of the Royal 
Museum of Central Africa in Tervuren, Belgium (Table 1). 
Sanded stem discs were analysed both macro- and micro
scopically in order to (1) describe the anatomy of the 
growth rings, (2) count the number of rings formed during 
the 1-year period between May 2005 and June 2006 and (3) 
measure the radial increment during this 1-year period 
using digital image analysis software (AnalySIS Pro ver
sion 3.2, Soft Imaging System GmbH, Münster, Germany). 
For the description of the ring boundary type (Table 2), the 
IAWA (International Association of Wood Anatomists) 
terminology (Wheeler et al. 1989) was followed. The radial 
increment was measured at 2 mm distance left and right 
from the needle incision point to avoid the influence of 
wound tissue that is formed as a response to wounding 
(Iqbal 1925). The change in wood anatomy near the wound 
indicated the position of the cambium at the time of the 
pinning.

Data analysis

Per species and study site, the mean of the radial increment 
measurements left and right of the cambial wound was
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Sonneratia
Bruguiera

Bruguiera
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Fig. 2 Global distribution o f mangroves implies growth under 
various climatic conditions (a-c) resulting in a wood anatomy 
showing growth rings more or less distinct (d-g). Also the internal 
dynamics of the mangrove environment play a major role as shown by 
the contrasting growth patterns at two Kenyan sites (f-g). Climate 
diagrams— July to June (Lieth et al. 1999) o f a  Galle, south west coast 
of Sri Lanka, b Assab, Ethiopia (nearest coastal station to Djibouti for

which a climate diagram was available) and c Mombasa, south east 
coast o f Kenya. Pictures showing wood anatomy are from sanded 
discs o f d  Rhizophora apiculata. Galle (Sri Lanka), e Rhizophora 
mucronata, Djibouti and f-g  R. muconata from Gazi Bay (Kenya), 
site 1 (g) and site 3 (f) (Fig. 1 ). Arrowheads mark ring boundaries. 
Scale bars are 1 mm

calculated per stem disc and converted to an annual radial 
increment from the exact period between pinning and 
felling date. Afterwards, means were calculated per species 
and study site. A one-way ANOVA was conducted in 
Statistica 7.0 (StatSoft Inc., Tulsa, USA) to test differences 
in annual radial increment between species.

Results

When comparing the wood anatomy and distinctness of 
growth rings in Rhizophora species growing under differ
ent climate types, clear differences were found. While 
R. mucronata from Djibouti showed quite distinct growth
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T able 1 Annual radial increment o f the six mangrove species studied in a 1-year period between May 2005 and June 2006 together with the 
characteristics o f study sites (soil water salinity and inundation class) and trees (tree height and stem diameter at 1.3 m)

Species Specimen3 Study
siteb

Soil water salinity: 
m in-m ax (range) (%o)

Inund.
class

Tree
height (m)

Stem diameter 
at 1.3 m (cm)

Annual radial 
increment (mm/years)

Sonneratia alba Tw58983,85,86 3 21—46 (25) I 6.0 ±  1 4.7 ±  0.7 2.6 ±  2

Tw58981,82,84 1 25-36 (11) I 6.0 ±  2 6.0 ±  2 1.8 ±  0.5

Heritiera littoralis Tw58978-80 4 10-90 (80) IV 4.5 ±  0.6 6.0 ±  2 -
Tw5 8976,77 5 5-68 (63) III 5.0 ±  4 5.0 ±  3 -

Ceriops tagal Tw58998,99 4 10-90 (80) IV 2.6 ±  0.4 4.0 ±  1 0.28 ±  0.09

Bruguiera gymnorrhiza Tw5 8971,74,75 3 21—46 (25) I 3.4 ±  0.5 3.0 ±  1 0.2 ±  0.1

Tw58970,72,73 2 25-36 (11) I 3.8 ±  0.7 4.4 ±  0.6 0.9 ±  0.5
Xylocarpus granatum Tw58965-68 2 25-36 (11) I 3.9 ±  0.6 5.0 ±  0.8 2.5 ±  1

Tw58963,64 5 0-11 (11) III 7.0 ±  1 4.1 ±  0.7 2.3 ±  1

Lumnitzera racemosa Tw58995-97 4 10-90 (80) IV 3.0 ±  1 4.0 ±  1 0.81 ±  0.08

Soil water for salinity measurements was taken at about 25 cm depth. Inundation classes are according to Tomlinson (1994). Values for tree 
height, stem diameter and radial increment are means ±  standard deviation

miii minimum, max maximum, Inund. class inundation class, in H. littoralis, the thick bark hindered the wounding of the cambium so that 
annual radial increment could not be measured

3 Accession number o f the Tervuren wood (Tw) collection

h See Fig. 1

rings with striking changes in vessel density (Fig. 2e), no 
obvious variation in wood anatomy was seen in R. apicu
lata from Galle (Sri Lanka) (Fig. 2d) or in R. mucronata 
from site 3 in Gazi (Figs. 1 and 2f). Although faint, the 
R. mucronata sample from site 1 in Gazi did show a 
fluctuation in vessel density (Figs. 1 and 2g) that is at the 
base of the growth rings.

All six species macroscopically showed growth rings on 
stem discs. Ring boundaries, however, were not always 
distinct and sometimes they were even locally absent as in 
S. alba (Table 2; Fig. 3). Indistinct ring boundaries in 
C. tagal and B. gymnorrhiza (Table 2; Fig. 3) hindered 
ring counting, as did failed pinning of the cambium due to 
the thick bark in II. littoralis. Parenchyma bands, the most 
striking anatomical features that most likely indicate 
markers for growth-ring boundaries in mangrove species, 
were, however, observed in H. littoralis as well as 
in C. tagal, L. racemosa and X. granatum  (Table 2). 
L. racemosa showed distinct growth rings, as did X. gra
natum under the two different flooding conditions (Table 2; 
Fig. 3). X. granatum  had formed two growth layers during 
the 1-year study period in four out of six trees; the 
other two trees had formed one and three rings . Only in 
L. racemosa annual ring formation could be suggested 
from the one ring that was formed dining the 1-year 
experimental period (May 2005-June 2006).

Annual radial increments, based on the pinnings in May 
2005 and felling in June 2006, differed significantly 
between species (F — 5.91, p < 0.01, one-way ANOVA) 
with S. alba at study site 3 (Fig. 1) recording the highest 
increment of the six species and X. granatum recording

high growth rates, irrespective of the study site (Table 1). 
C. tagal (site 4) and B. gymnorrhiza trees growing at site 3 
(Fig. 1) had the lowest radial growth. Trees growing in 
study sites with low maximum soil water salinity values, 
coinciding with low salinity ranges experienced over the 
year and low inundation class, registered relatively high 
radial increments. Lower growth rates were found for trees 
growing under higher inundation class, associated with 
more extreme soil water salinity at least during one period 
of the year (Table 1). S. alba on the contrary showed a 
lower radial increment when maximum salinity and salinity 
range were lower (Table 1). This was most probably due to 
the insect infestation {Salagena discata. Lepidoptera) the 
S. alba trees were suffering from at site 1, but not at site 3 
(Fig. 1).

Discussion

In contrast to species with terminal parenchyma bands, 
clearly demarcating growth rings (Gourlay 1995; Heinrich 
and Banks 2006; Trouet et al. 2006), Rhizophora exhibits 
no abrupt changes in wood anatomy that could indicate 
growth rings. Instead, the wood of Rhizophora shows 
gradual changes in vessel density that most likely reflect 
contemporary changes in soil water salinity caused by the 
variation in fresh water supply (Verheyden et al. 2004b). 
However, climate did have an effect on the clarity of the 
growth rings in Rhizophora (Fig. 2). While growth rings 
were extremely indistinct under the equatorial climate of 
south-western Sri Lanka, they were much more distinct in
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T able 2 W ood anatomical description of the growth rings o f seven Kenyan mangrove species indicating the variables that change in gradual or 
abrupt way leading to indistinct or distinct ring boundaries, respectively (Fig. 3) as defined by W heeler et al. (1989)

Species (family) Variable Type of boundary

Sonneratia alba (Lythraceae) Vessel density and/or fibre wall thickness (discontinuously) Indistinct-absent

Heritiera littoralis (Malvaceae) Axial parenchyma band of 2^1 cells Distinct

Ceriops tagal (Rhizophoraceae) Vessel density axial parenchyma band of 2-3 cells 
(only occasionally)

Indistinct

Bruguiera gymnorrhiza (Rhizophoraceae) Vessel density Indistinct

Xylocarpus granatum  (Meliaceae) Axial parenchyma band of 1-5 cells Distinct

Lumnitzera racemosa (Combretaceae) Vessel density axial parenchyma band of 1-3 cells fibre 
cell wall thickness vessel diameter (minor difference)

Distinct

Rhizophora mucronata (Rhizophoraceae) Vessel density Indistinct*

Nomenclature is according to the Angiosperm Phylogeny Group (Stevens 2001 onwards) 

* Data from Verheyden et al. (2004b)

Fig. 3 W ood anatomy of six 
Kenyan mangrove species 
showing distinct ring 
boundaries for Heritiera 
littoralis. Xylocarpus granatum  
and Lumnitzera racemosa and 
indistinct or no ring boundaries 
for Sonneratia alba. Ceriops 
tagal and Bruguiera 
gymnorrhiza. Arrowheads mark 
distinct (right) and indistinct 
(left) ring boundaries. Scale 
bars are 500 pm

a Sonneratia alba

BOT
b  Heritiera littoralis C Ceriops tagal

d  Bruguiera gymnorrhiza e  Xylocarpus granatum f  Lumnitzera racem osa

the Kenyan monsoonal climate (Verheyden et al. 2004a, b. 
2005) and almost distinct in Rhizophora trees growing 
under the warm desert climate of Djibouti (Fig. 2). The 
local environmental conditions, affected by a period of 
drought, are thus critical for growth ring formation in

Rhizophora. Although Djibouti has an ever-dry climate, 
rainfall variations do occur on the field, causing fluctua
tions in soil water salinity and hence growth rings.

Consequently, the presence of a seasonal climate is no 
guarantee for growth rings in mangrove although for
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Rhizophora this does count. The mangrove trees of both 
Kenya and the Sunderbans in Bangladesh are subjected to a 
climate characterized by dry and rainy seasons, but only 
the latter shows growth rings (Fig. 3a) (Chowdhury et al. 
2008). This is explained by the dissimilar effect of the cli
mate on the locally experienced conditions. The Sonneratia 
trees in Gazi Bay, Kenya, are almost permanently flooded 
by seawater. The increased evaporation or input of fresh 
water dining the dry and the rainy season, respectively, can 
therefor cause only minor changes in salinity (inundation 
class I, Table 1). These do not seem to be enough to create 
distinct growth-ring boundaries by a gradually changing 
vessel density (Table 2; Fig. 3a). The Bangladeshi man
groves, in contrast, experience a much bigger drop in 
salinity during the rainy season due to the network of 
streams and rivers criss-crossing the forest (Hoque et al. 
2006; Wahid et al. 2007). The moderating effect of per
manent flooding can also be observed within the mangrove 
forest of Gazi Bay when different sites are compared. The 
R. mucronata trees growing close to site 1 (Fig. 1) are 
protected from frequent flooding by a dune in comparison 
with the trees of site 3 (Fig. 1). This results in a larger 
salinity fluctuation between seasons (Table 1) causing a 
bigger difference in vessel density and resulting in more 
distinct growth rings (Fig. 2f, g).

Next to exogenous factors, the genetically determined 
wood anatomy affects the distinctness and expression of 
growth-ring boundaries (Worbes 1999). Species in which 
gradual changes in wood anatomy, such as vessel density, 
occur as indicator for seasonal changes need a minimum 
growth rate to guarantee that these changes in vessel 
characteristics can be detected. For R. mucronata in Gazi 
the minimum growth rate to be able to detect growth-ring 
boundaries was 0.5 mm/year (Verheyden et al. 2004a, 
2004b). Only when the cambium is active enough to form a 
considerable amount of wood with a different anatomy 
depending on prevailing wet or dry conditions a growth- 
ring boundary will be visible. When cambial activity is 
generally low as in C. tagal and B gymnorrhiza (Table 1), 
no variation in wood anatomy can be detected as small 
zones of high and low vessel density merge resulting 
in obscured growth rings (Table 2; Fig. 3c, d). In both 
L. racemosa and X. granatum, showing distinct growth 
rings, parenchyma bands mark the ring boundaries 
(Table 2; Fig. 3e, f). Therefore, the formation of distinct 
rings was not hindered by the rather low growth rate of 
L. racemosa (Table 1). The presence of growth rings in 
X. granatum, growing in sites with only small variation in 
salinity values (salinity range 1 l%o. Table 1), indicated that 
this was sufficient to cause the formation of a parenchyma 
band. The less pronounced second dry season was probably 
even the source of the second ring boundary formed during 
the 1-year study period in all but one tree. The cause for

missing second ring could be a slightly different micro
environment, as the sandy soil in site 2, where the tree was 
growing, is susceptible for small variations in fresh water 
supply. The observation of three rings in another tree 
illustrates that parenchyma bands can also be caused by 
other factors [e.g. defoliation creating false rings (Heinrich 
and Banks, 2006)].

A tenfold range in annual radial increment has been 
observed in the six mangrove species studied (Table 1). 
Compared with the radial growth rate of B. gymnorrhiza 
(1.2-3 cm/year) and S. alba (1.5-5 cm/year) in Micro
nesia (Krauss et al. 2007), the annual growth of our trees 
from Kenya is very low, which emphasizes the diversity 
between mangrove forests. The high rainfall in the 
Micronesian study sites compared with the rainfall in the 
areas of the present study is most probably the cause of 
the faster growth, although nutrient effects cannot be 
excluded (Lin and Sternberg 1992; Feller et al. 2003; 
Lovelock et al. 2004; Krauss et al. 2007, 2008). Since 
mean radial increment was calculated from only six trees 
in the maximum, coming from two different sites, the 
result might not be relevant for the species. Therefore, 
site- and tree-specific effects have to be taken into 
account when comparing these data with other growth 
rhythm information.

We can conclude that due to the global distribution of 
mangroves across climatic regions (Duke 1995; Duke 
et al. 2002) and their local distribution across the inter
tidal zone, the presence of growth rings is dependent on 
climatic conditions that result in a variation of soil water 
salinity over the year (Fig. 4, climate seasonality and 
periodic extreme environmental conditions). In addition, 
species with ring boundaries characterized by parenchyma 
bands are more likely to form distinct rings (Table 2; 
Fig. 4). In species with a gradual change in vessel density 
demarcating tree rings, slow growth leads to merging of 
rings (Fig. 4). Radial increment varied but was limited by 
a large soil water salinity fluctuation over the year, which 
is related to a high annual maximum salinity and a low 
inundation frequency. For tree rings to be formed, a 
growth rate above 0.3 mm/year and a strong seasonal 
signal in fresh water input and soil water salinity, not 
obscured by tidal inundation, should occur (Fig. 4, 
dampening local conditions). For the three studied species 
showing distinct growth rings, more research is needed to 
clarify the annual nature of the observed rings. The study 
period should include more than 1 year and trees of dif
ferent sizes should be included in order to be able to 
assess ontogenetic effects on anatomy and distinctness of 
growth rings (Brienen and Zuidema 2005; Heinrich and 
Banks 2005; Esper et al. 2008). For now, we advice that 
tree rings in mangroves should be handled on a case- 
by-case basis and should only be used for age or growth
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normal and continuous growth Rhizophora (Galle)

climate seasonality>1
ring formation induced

vessel density  
+ parenchym a band

vessel density

I dam p en in g  local 
cond itions (flooding)

periodic extrem e* 
env ironm ental conditior

slow grow th

Lumnitzera (site 4) 
Xylocarpus (site 2 and  5) 
Heritiera (site 4)

* for th e  species considered
Sonneratia (site 3) 
Rhizophora (site 3)

Fig. 4 Overview of the observed ring clarity for all mangrove species 
studied in function of the climate they grow in or the location in the 
mangrove forest (between brackets) as mentioned in Figs. 1 and 2. 
The climatic factors (grey arrows), the environmental factors (white 
arrows) and the species-specific factors (grey boxes with black text) at

periodic extrem e* 
env ironm ental conditior

faster grow th

Bruguiera (site 2 and  3) 
Ceriops (site 4)

Sonneratia (Bangladesh) 
Rhizophora (Djibouti) 
Rhizophora (site 1 )

the base o f the presence o f absence o f distinct growth rings are 
indicated. Sonneratia trees from study site 1 (Fig. 1) have not been 
integrated in the figure as they are suffering from an insect infestation. 
Sonneratia trees from Chowdhury et al. (2008), however, were

rate estimations after at least a preliminary investigation 
of the annual nature of the wood anatomically definable 
zones that can be seen in the wood.
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