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e Background and Aims Secondary growth via successive cambia has been intriguing researchers for decades.
Insight into the mechanism of growth layer formation is, however, limited to the cellular level. The present study
aims to clarify secondary growth via successive cambia in the mangrove species Avicennia marina on a macroscopic
level, addressing the formation of the growth layer network as a whole. In addition, previously suggested effects of
salinity on growth layer formation were reconsidered.

e Methods A 1-year cambial marking experiment was performed on 80 trees from eight sites in two mangrove forests
in Kenya. Environmental (soil water salinity and nutrients, soil texture, inundation frequency) and tree character-
istics (diameter, height, leaf area index) were recorded for each site. Both groups of variables were analysed in
relation to annual number of growth layers, annual radial increment and average growth layer width of stem discs.
e Key Results Between trees of the same site, the number of growth layers formed during the 1-year study period
varied from only part of a growth layer up to four growth layers, and was highly correlated to the corresponding
radial increment (0—5 mm year’l), even along the different sides of asymmetric stem discs. The radial increment
was unrelated to salinity, but the growth layer width decreased with increasing salinity and decreasing tree height.
e Conclusions A patchy growth mechanism was proposed, with an optimal growth at distinct moments in time at
different positions around the stem circumference. This strategy creates the opportunity to form several growth
layers simultaneously, as observed in 14 % of the studied trees, which may optimize tree growth under favourable
conditions. Strong evidence was provided for a mainly endogenous trigger controlling cambium differentiation, with
an additional influence of current environmental conditions in a trade-off between hydraulic efficiency and mech-
anical stability.

Key words: Avicenia marina, cambial marking, mangrove, phloem, salinity, secondary growth, successive cambia, xylem.

INTRODUCTION

One of the curious mechanisms of plant growth is second-
ary wood formation via successive cambia (Wheeler et al.,
1989). This means that each growth layer is formed by a
new cambium and hence is composed of both xylem and
phloem tissue. The cambial variant is especially present
in lianas (e.g. Nair, 1993; van Veenendaal and den Outer,
1993; Carlquist, 1996, 1999a; Jacques and De Franceschi,
2007), but is also reported in woody shrub and tree
species, with descriptions of the wood anatomy
(McDonald, 1992; Carlquist and Gowans, 1995; Carlquist,
1996, 1999bH, 2002, 2003a, b) and wood formation
(Wheat, 1977; Zamski, 1979, 1981; Fahn and
Zimmermann, 1982; Nair and Mohan Ram, 1990;
Terrazas, 1991; den Outer and van Veenendaal, 1995;
Rajput and Rao, 1999; Carlquist, 2004; Schmitz et al.,
2007). However, it remains unclear if the growth layers,
originating from the combined action of the several
cambia, are formed periodically or continuously, and
which factors trigger the formation of a new growth layer.

* For correspondence. E-mail nschmitz@vub.ac.be

The mangrove genus Avicennia belongs to this exclusive
group of trees showing secondary growth via successive
cambia (Schmitz et al., 2007). Early studies speculated on
the periodicity of the conspicuous pattern of light- and
dark-coloured bands resulting from the alternating xylem
and phloem tissue (Baker, 1915; Chapman, 1944, 1947;
Gill, 1971). A preliminary study on six Avicennia marina
trees in Gazi Bay, Kenya showed the non-annual nature
of their growth layers (Schmitz er al., 2007). However,
this study suggests that within one site a constant number
of growth layers may form per year. While only half a
growth layer was formed in a site of high salinity, an
average of three growth layers was formed in a site with
relatively lower salinity (Schmitz et al., 2007). Therefore,
the formation of growth layers seems to be influenced by
local environmental factors such as soil water salinity
rather than by seasonal climate. In addition, the proportion
of phloem tissue increased slightly in parallel with the sal-
inity of the site (Schmitz et al., 2007). In agreement with
these findings, Carlquist (2001) and Fahn and Shchori
(1967) assume that dispersed phloem tissue over the
entire stem offers a functional advantage to trees growing
under xeric conditions.
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Avicennia tree species tolerate a wide range of soil water
salinity levels, related to different inundation frequencies
and evaporation of the substrate (Matthijs er al., 1999;
Dahdouh-Guebas et al., 2004; Ye et al., 2005; Naidoo,
2006; Sobrado and Ewe, 2006). To study the formation of
growth layers, a technique with cellular resolution is
offered by mechanically wounding the cambium, leaving
a datable scar (Kuroda and Shimaji, 1984). Thanks to the
distinct time mark, the cambial mark, the presence of
clear tree rings becomes superfluous in studies of wood for-
mation, making the method especially useful for the study
of tropical tree species (Détienne, 1989; Nobuchi et al.,
1995; Sass et al., 1995; Jalil et al., 1998; Bauch and
Diinisch, 2000; Ohashi et al., 2001; Heinrich and Banks,
2002), including mangrove trees (Shiokura, 1989;
Verheyden et al., 2004; Schmitz et al., 2007).

In the present study, the cambium of 80 A. marina trees
was wounded. The trees were sampled from seven sites in
Gazi Bay and one more distant location in Dabaso, both
situated in Kenya. The aim was to clarify the secondary
growth mechanism of A. marina characterized by

successive cambia. This study tested the hypotheses that
(a) growth layer formation is periodic, with the number of
growth layers formed per year depending on the soil
water salinity of the site; and (b) the width of the growth
layers decreases with increasing soil water salinity.

MATERIALS AND METHODS
Study sites and sample collection

Wood samples were collected in Gazi and Dabaso, two
locations along the Kenyan coast. The mangrove forest of
Gazi Bay (39°30’E, 4°25’S) covers about 710 ha (UNEP,
2001) and is situated approx. 50 km south of Mombasa.
Sampling was performed in seven sites (Table 1), differing
in local environmental conditions (Table 2). For compari-
son, an additional set of trees was sampled in Dabaso
(39°21’E, 03°59’S), in the 1500 ha large mangrove forest
of Mida Creek situated about 100 km north of Mombasa
(Gang and Agatsiva, 1992). In the rainy season of 2005
and 2006 (May—June) and the dry season of 2006 and

TaBLE 1. Studied stem discs and outermost wood blocks of Avicennia marina with the corresponding tree characteristics for
the eight study sites at two locations in Kenya, Gazi and Dabaso

Accession no.

Location Discs Samples Tree height (m) Ry30* (cm) Rhase? (cm)
Gazi

Site 1 Tw58910-13, Tw58927-31 T72, T76, T85 11 (7-14) 4 (1-13) 43 (20-100)
Site 2 Tw58905-09, Tw58926, Tw58988 T40-41 3(2-4) 2 (1-3) 9 (5-17)
Site 3 Tw58916-18, Tw58933-35 T26-28 2 (2-4) 1(1-3) 7(3-11)
Site 4 Tw58943-48, Tw58987 T14-16 6 (4-8) 3 (2-5) 17 (5-54)
Site 5 Tw58936-42 T45, T51, T56 6 (6-6) 3 (1-5) 7 (3-10)
Site 6 Tw58900-04, Tw58932 T35,T37 4 (2-5) 3(1-4) 6 (6-14)
Site 7 Tw58920-25, Tw58989 T19-22 6 (3-10) 4(1-9) 22 (4-44)
Dabaso

Site 8 - Tw58950-61 10 (6-14) 11 (6-16) 36 (16—100)

Values are means with ranges in parentheses.
* Stem radius at 130 cm height.
" Stem radius at the base of the tree.

TaBLE 2. Stand characteristics of seven study sites in Gazi Bay and one study site in Dabaso, Kenya

Soil water nutrients (10> wmol cm ™ soil)

Soil water salinity (%o)

Location NO; ™ NH,+ P LAI Soil texture Minimum Maximum Inundation class
Gazi

Site 1 0-5 (0-2-0-6) 3 (0-5) 1-4 (0-9-1-8) 1-42  Silty clay 20-9 46-0 1
Site 2 0-3 (0-2-0-5) * 0 (0-0) 0-25 Sandy loam 40-0 70-0 2
Site 3 0-15 (0-10-0-24) * 02 (0-1-0-3)  0-23 Loamy sand 38-0 86-0 3
Site 4 0-3 (0-0-0-4) 1 (0-4) 2 (0-4) 1-29 Loamy sand—sandy loam 5-0 682 3
Site 5 2 (0-6) 10 (7-14) 0-1 (0-0-3) 1-18  Clay loam 40-0 79-9 3
Site 6 1(0-4) 0-5(0-1-1-1)  0-1 (0-0-3) 0-62  Sandy loam 10-0 90-0 4
Site 7 23 (0-68) * 2 (0-4) 1.73 Loamy sand—sandy loam 10-0 48-0 4
Dabaso

Site 8 * * * * * 33.0 722 3

Soil water for nutrient and salinity analyses was taken at about 25 cm depth. Inundation classes are according to Tomlinson (1994). Values are

means with range in parentheses.
* No data records.
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2007 (February—March) soil water was collected at approx.
25 cm depth with a punctured plastic tube connected to a
vacuum pump. At each site, 1-3 salinity measurements
were carried out with a hand-held refractometer (ATAGO,
Tokyo, Japan). One day after spring tide in February
2007, soil water was collected in triplicate at the seven
study sites in Gazi Bay. From these water samples, NO3
NH," and P concentrations were measured by standard pro-
cedures (APHA-AWWA-WEF, 1995) and expressed rela-
tive to soil water content, which was calculated from the
fresh and oven-dry weight. Soil texture was determined
by standard field characterization methods (GLOBE,
2005). The height above datum was measured with
tracing paper, placed at each site before high tide, and the
corresponding  inundation classes were calculated.
According to Tomlinson (1994), inundation classes one,
two, three and four correspond to an area being inundated
by 100-76, 75-51, 50-26 and 25-5 %, respectively, of
the high tides. The leaf area index (LAI), integrated over
the zenith angle 0—75 °, was calculated from hemispherical
images using the software program Gap Light Analyzer
v. 2:0 (Simon Fraser University, British Columbia and the
Institute of Ecosystem Studies, New York).

The cambial marking was performed with a surgical
needle of 1-2 mm diameter (Verheyden er al., 2004) in
May 2005 (wet season). In view of a potential time mark
of the dry season by changes in wood anatomy, the trees
were marked a second time in February 2006 (dry
season). For two trees (Tw58955, -57) the cambium of
both the stem and one branch was wounded. Of these 80
trees, 49 were felled in June 2006 and samples are now
part of the Xylarium of the Royal Museum for Central
Africa, Tervuren, Belgium (discs, Table 1). From the
remaining 31 trees, wood samples were taken with a
handsaw of the outermost wood comprising the cambial
mark, and 19 of them were subsequently stored in FAA
(formalin—acetic acid—alcohol). Before felling or sampling
of the trees, the stem circumference at 130 cm height and
the stem diameter at the base were measured. The height
was calculated trigonometrically.

Climate description

The climate along the Kenyan coast is characterized by a
bimodal distribution of precipitation. A distinct dry season
(January—February) is followed by a long (April—July) and
a short rainy season (October—November; Fig. 1). During
the wet season, the rivers Mkurumuji and Kidogoweni
provide an important freshwater source for the mangroves
of Gazi Bay (Kitheka, 1997). The average temperature at
the Kenyan coast ranges from 22 to 30 °C, with a mean rela-
tive humidity of 65-81 % (annual averages of minima and
maxima for Mombasa for the period 1972-2001, data from
the Kenyan Meteorological Department, Mombasa, Kenya).

Sample preparation and microscopic analysis

In this study, the following terms and definitions are
used: phloem band designates a zone of phloem strands
united in a band of parenchyma tissue and bordered on
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Fig. 1. Climate diagram of Mombasa (39°36’E, 4°0’S) adapted from

Lieth et al. (1999), showing the long (April-July) and short (October—

November) rainy season and one distinct dry season (January—February).

The precipitation axis is reduced to one-tenth scale above the dotted hori-
zontal line.

the outside by a layer of sclereids; xylem band designates
the zone in between two phloem bands; and growth layer
designates one ontogenetic unit of phloem and xylem
(Figs 2 and 3).

To investigate the periodicity of growth layer formation,
the number of growth layers formed in the period from
17-26 May 2005 to 9 June—9 July 2006 was counted from
79 cambially marked trees. Wood discs and wood samples
were prepared as described by Schmitz et al. (2007). In
brief, wood discs were sanded with a series of sandpaper
from 100 to 1200 grit, while wood samples were dehydrated
in an ethanol series and embedded in PEG1500. Transverse
sections were made with a sliding microtome and double
stained with safranin—fast green. The number of growth
layers from the cambial mark onwards was counted using
an Olympus BX 60 microscope. This was done at both
sides of the wound and the growth layer count was averaged
(Figs 2B, C and 3A). The growth layer network of one stem,
Tw57798 (see also Schmitz et al., 2007), was visualized with
a CT scan (Fig. 4; CT-scan Brilliance 64 slice, Philips, The
Netherlands).

In addition, the increment during the period of the
cambial marking experiment was measured with the
image analysis software AnalySIS Pro 3-2 (Soft Imaging
System GmbH, Miinster, Germany) via a camera connected
to a microscope (Olympus BX60). The increment was
measured at about 2 mm distance from the abnormal
growth at the wound, which is the furthest position
showing a cambial mark. For trees showing a double
wound, resulting from two simultaneously dividing
cambia, the increment was corrected for the part of the
xylem tissue of the outermost growth layer already
formed at the time of wounding (Figs 2C and 3A).
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Fic. 2. Macro- and microscopic characteristics of Avicennia marina stem
wood after wounding the cambium with a needle of 1-2 mm diameter. (A)
Pinhole encircled by wound periderm, scale bar = 1 cm. (B, C) Detail of
sanded stem discs showing (B) a decreased vessel density and vessel diam-
eter in the zone around the pinhole, marking the time of cambial wound-
ing, and (C) a double cambial wound illustrating the simultaneous
formation of the two growth layers. Scale bars = 1 mm. P, phloem band;
Pd, periderm; X, xylem band. Arrows, radial increment from May 2005
to June 2006. Small arrows, part of the growth layer already formed at
the time of cambial wounding. Asterisks, pinhole.

On each of 48 stem discs, the width of the xylem and
phloem bands of each growth layer was measured along
three transects from pith to bark at the maximum,
minimum and medium sized disc radius. Because of the

Fi1G. 3. Transverse microsections of the stem wood of Avicennia marina
after wounding the cambium with a needle. (A) Microscopic wood struc-
ture after wounding of the two outermost cambia. Scale bar = 1 mm. (B)
Detail of two phloem strands located inward from the pinhole showing a
coating of the cells and an induced meristem (arrowhead) in the right
and left phloem strand, respectively. Scale bar = 500 wm. P, phloem
band; PA, parenchyma; Pd, periderm; Ps, phloem strand; Sc, sclereids;
X, xylem band. Arrows, radial increment from February 2006 to June
2006. Small arrows, part of the growth layer already formed at the time
of cambial marking. Asterisks, pinhole.

networking pattern of the growth layers, a pencil line was
drawn and all growth layers crossing the line were
measured.

Statistics

To quantify relationships between different tree and
growth layer characteristics, Pearson correlation coefficients
were calculated. Simple linear regressions were used to
study relationships in growth increment with environmental
and tree characteristics. One-way analyses of variance
(ANOVAs) were used to test (a) the difference in radial
increment between the different study sites and (b) the
relationship between the average ring width on different
sides of asymmetric stem discs and corresponding radii.
A t-test for independent variables was performed to
compare the growth increment at opposite radii of
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Fi1G. 4. Networking pattern of the growth layers in the (A) transverse and

(B) longitudinal plane as visualized by a CT scan of a tree stem portion of

7 cm diameter (Tw57798, Tervuren xylarium). Circles indicate the pos-
itions of branching phloem bands.

asymmetric trees and between trees with and without signs
of die-back (with separate variance estimates). To comply
with the assumptions of a normal distribution of the data
and homogenous variances, data were transformed with
either logarithmic or square root functions. If transform-
ations failed, Spearman R correlation coefficients were cal-
culated (STATISTICA, StatSoft Inc.).

RESULTS
Wood anatomical description of the cambial mark

On a macroscopic level, the pinhole was regularly encircled
by an extra periderm (Fig. 2A). Microscopically, the pos-
ition of the cambium at the time of wounding could be
determined from a variable combination of wood anatom-
ical changes (Figs 2B and C, and 3). In agreement with
earlier reports, the time mark was formed by an initial par-
enchyma band in 53 % of the trees (n = 80) (Shiokura,
1989; Nobuchi et al., 1995; Ohashi et al., 2001; Stobbe

et al., 2002) and relatively smaller vessels (Nobuchi
et al., 1995; Schmitt et al., 2000; Ohashi et al., 2001) at
a lower density (Carlquist, 2001) in an area of about
1 mm? on both sides of the pinhole. The canal created by
wounding was closed by periderm (Carlquist, 2001;
Stobbe et al., 2002), with an extra internal wound periderm
in 14 % of the studied trees (n = 79) showing a double
wound (Figs 2C and 3A). Regularly, a coating that
stained pink with safranin was observed in the phloem
strands inward from the canal caused by wounding
(Fig. 3B). Suberin has been mentioned to coat parenchyma
tissue of the reaction zone (Schmitt and Liese, 1993). It is
known as a barrier-forming agent protecting against invad-
ing pathogens (Franke and Schreiber, 2007) and necrosis of
the deeper lying tissues (Schmitt and Liese, 1993). In
addition, in 53% (n=19) of the microsections, the
phloem strands showed a meristematic zone (Fig. 3B), cor-
responding to the finding in poplar of secondary phloem
cells dedifferentiating into meristematic cambium cells
(Frankenstein et al., 2005; Frankenstein, 2006). Finally, a
dark zone of protection wood (Carlquist, 2001) was
observed inward from the wound canal (Fig. 2B, C) with
partly occluded vessels and fibres (Schmitt er al., 2000).

Annual increment

From only a tenth of a growth layer up to four completed
growth layers was formed in the period of the cambial
marking experiment from May 2005 to June 2006 (Fig. 5,
Table 3). The number of growth layers formed during the
1-year study period was highly correlated with the corre-
sponding radial increment (> = 0-73, n = 73, P < 0-0001).
Also at the level of the entire stem disc, the number of
growth layers showed a strong correlation with its radius
(r2 =0-89, n= 141, P<0-0001). In agreement with this
high correlation, the difference between the maximum and
minimum disc radius of asymmetrical stem discs was corre-
lated with the corresponding difference in number of growth
layers (> = 0-37, n = 42, P < 0-0001). Growth layer width
increased from a minimum, through a medium to a
maximum disc radius (F = 50-79, n = 2663, P < 0-0001;
linear trend analysis: F = 101-57, n = 2663, P < 0-0001).

No significant difference was observed in the number of
growth layers formed in the 1-year study period between the
eight study sites (Fig. 5B; F =148, n =79, P =ns). By
analysing different environmental factors separately, char-
acterizing the different study sites, no or only very weak
relationships were found with the radial increment of the
study period (Table 4). Also stem radius at the sampling
height of the trees and tree height showed a weak but sig-
nificant correlation with the radial increment measured
from the cambial markings onwards (Table 4). The
growth rate during the 1-year study period was significantly
larger in trees showing a double cambial mark, resulting
from the additional radial increment of the last but one
growth layer (Figs 2C and 3A; = -3-2, nl =62 and
n2 =11, P<0-01). The cambium of this inner growth
layer produced on average 249 + 105 pm (n = 10) of
xylem tissue during the l-year study period (Table 3).
Within trees Tw58955 and Tw58957, radial growth was
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F1G. 5. Number of growth layers of 79 Avicennia marina trees formed in

the period from May 2005 to June 2006 (A), distribution of the annual

growth layer number over the eight study sites (B) (see also Table 2).
Line, mean; box, s.d.; whiskers, min.-max.

370 and 1065 % higher, respectively, in branches compared
with stems. Trees without dead leaves or branches had a
significantly larger growth increment compared with trees
with dead leaves and/or branches dispersed in the crown
(t=-3-68, nl =15 and n2 =57, P <0-01). The growth
from the cambial mark in February 2006, the middle of
the dry season, until the felling in June 2006, the end
of the long rainy season, was mostly small and restricted
to the zone around the wound, hindering relevant measure-
ments and study of potential wood anatomical changes in
the dry season.

TaBLE 3. Characteristics of the secondary growth of

Avicennia marina averaged over the I-year study period

between May 2005 and June 2006 (n = 80) or averaged over
the entire stem disc (n = 49)

Growth characteristic Mean + s.d.  Minimum  Maximum
1-year study period

Growth rate (mm year h 1+1 0 5
Included growth* (wm year ') 249 + 105 64 376
Growth layers (nr year ') 1.0 + 07 0-1 4
Disc average

DM - m) (nr) 443 0 12
Growth layer width (pm) 898 + 137 402 1564
Xylem width (um) 657 + 107 257 1198
Phloem width (pm) 241 £+ 35 117 403
% Phloem growth layer ' 28 +2 20 44

DM - m), difference in number of growth layers between the
minimum and maximum disc radius; nr, number of growth layers.
* Growth of the last but one growth layer (n = 10, see Figs 2C and 3A).

TABLE 4. Results of simple linear regressions for the May

2005—June 2006 growth increment of Avicennia marina trees

of different size and growing under different environmental
conditions (see Table 1)

Factor F-value P-value n r
Environment

Minimum salinity 3.00 ns 73 0-03
Maximum salinity 0-04 ns 73 —0-01
Inundation class 1-47 ns 73 0-01
[NOs ] 1-11 ns 62 0-00
[NH, "] 0-02 ns 37 -0-03
[P] 1-09 ns 54 0-00
LAI 6-05 <0-05 62 0-08
Tree

Ri30 16-87 <0-001 73 018
Ry 0-34 ns 73 —-0.01
Height 9:-13 <0-01 73 0-10

Data were transformed with a logarithmic function.
* Stem radius at 130 cm height.

T Stem radius at the base.

* Adjusted correlation coefficient.

Growth layer characteristics

The 2005-2006 growth increment was significantly cor-
related with the average growth layer width of a stem disc
(r2 =031, t=437, n=44, P<0-0001). The average
growth layer width was strongly correlated with tree
height (r* =043, F=36-35, n=47, P<0-0001) and
weakly but significantly with soil water salinity, showing
a higher correlation with maximum salinity (r2=0~16,
F =960, n=47, P<0-01) than with minimum salinity
(r2 =010, F=597, n=47, P<0-05). No correlation
was observed between growth layer width and age, rep-
resented by growth layer number, with the first growth
layer at the pith having number 1 and the last growth
layer at the bark having the highest number (partial corre-
lation, controlling for tree: =0, t= 00067, n= 2663,
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P = ns). The width of a xylem band showed a strong posi-
tive correlation with the phloem band width of the same
growth layer (Table 3, P = 0-53, t=54-78, n=2663,
P < 0-0001). However, the increase in phloem width was
only 22 % of the corresponding xylem width, resulting in
a negative relationship between the percentage of phloem
and the growth layer width (Spearman r*>=0-14, n=
2663, t = —-21-26, P < 0-0001) with a lower limit at 20 %
phloem per growth layer (Table 3).

DISCUSSION
The patchy growth hypothesis

The first hypothesis of a periodic growth with the number of
growth layers produced during the year depending on site
conditions was rejected. Instead, a patchy growth mechan-
ism is proposed based on circumstantial evidence: (a) a
network pattern of growth layers (Fig. 4); (b) two simul-
taneously forming growth layers without the occurrence
of wood cracks or crushed phloem tissue indicating the
absence of internal strains (Figs 2C and 3A); (¢) a remark-
able variation in growth layer formation within the different
study sites (Fig. 5B); and (d) an extensive variation of the
radial increment, seemingly independent of any of the
environmental factors considered (Tables 3 and 4). The
patchy growth hypothesis states a basic growth rate all
around the tree,with a more vigorous growth at one or
several positions around the stem circumference. The side
of active growth changes with time to end up with a tree
of regular circumference. A patchy growth would clarify
the three-dimensional phloem network, first reconstructed
from serial branch microsections by Zamski (1979) and
here for the first time visualized in situ from a mature
tree trunk. Not only around (Fig. 4A) but also along the
stem (Fig. 4B), growth patches instead of rings were
observed. Nair and Mohan Ram (1990) propose a similar
explanation for the growth layer network of Dalbergia
paniculata, resembling that of A. marina. They suggest it
could be due to the outermost parenchyma cells that do
not invariably become meristematic. More recently, discon-
tinuous new cambia have been observed in some species of
Amaranthaceae (Rajput and Rao, 2000) and a liana species
of the Menispermaceae (Jacques and De Franceschi, 2007).

The earlier suggestion of a simultaneous development of
two growth layers (Schmitz et al., 2007) was illustrated by a
double cambial mark (Figs 2C and 3A). Cracks in the lig-
nified part of the outermost growth layer can be overcome
by collapse of phloem cells (Carlquist, 2007). Supporting
the patchy growth hypothesis, this was not observed in
the present study nor in A. resinifera and A. germinans in
which at least the four outer phloem bands were uncrushed
(Zamski, 1979). Moreover, the finding of 14 % (n = 79) of
the trees with more than one active cambium could be an
underestimation. The depth of wounding was not standar-
dized because the depth needed to wound both cambia
varies with the width of the outer growth layer. Recently,
more than one active cambium was observed in the herbac-
eous and shrubby plants of Aizoaceae (Carlquist, 2007),
questioning the existence of two mechanisms for successive

cambia formation. Unlike Avicennia (Zamski, 1979) and
some other species (Esau, 1969), Carlquist (1999a, b,
2003a, 2004) found in members of the Caryophyllales suc-
cessive cambia originating from one lateral meristem in the
cortex that also produces the rays and the tissue in between
the phloem strands. This would be hindered by the partially
formed outer growth layer in between the lateral meristem
and the inner forming growth layer. Moreover, the patchy
differentiation of new cambia makes the existence of one
circular meristem, giving rise to the vascular cambia, unli-
kely in A. marina.

Secondary growth in discrete units would explain the vari-
ation in growth between A. marina trees (Fig. 5). On the side
of wounding, the cambial activity and the duration of active
growth during the study period would determine the number
of growth layers produced and the annual radial increment.
Therefore, radial increment was not a reflection of past
environmental conditions (Table 4). However, the total
increase in stem width is expected to be influenced by exter-
nal factors such as soil water nutrients (Feller et al., 2003;
Lovelock et al., 2004), salinity (Lin and Sternberg, 1992;
Tuffers et al., 2001; Ball, 2002) and inundation periods
(Worbes, 1989; Callado et al., 2001; Menezes et al., 2003;
Verheyden, 2004). In favour of this idea, the average
growth layer width of stem discs did show a decrease with
increasing salinity. Despite the underestimation of total sec-
ondary growth, radial increment mirrored differences in leaf
area related to crown die-back or to site-specific LAI
(Table 4). Although only slightly, compared with tree
species from Cameroon (Worbes et al., 2003), tree size
(Table 4) was also reflected in A. marina’s growth rate for
2005-2006 as supported by the overall positive effect of
tree height on mangrove biomass production (Saenger and
Snedaker, 1993). The absence of a relationship between
radial increment during the study period and basal diameter
(Table 4) agrees with earlier findings of tree growth being
determined by tree structural characters rather than by age
(e.g. Pélissier and Pascal, 2000; Sterck et al., 2001; Worbes
et al., 2003; King et al., 2005).

Additional support for the patchy growth is given by the
slower radial growth, on average 0-57 mm year ' (see also
Fig. 5B), at site 5 during the previous study (Schmitz
et al., 2007). The longer study period of 2-5 years in combi-
nation with a cambial mark at a single position around the
stem would have increased the underestimation of the total
increase in stem width if growth takes place at discrete and
changing positions around the stem. Therefore, when com-
paring the growth rate of A. marina with that of other tree
species, one has to be cautious. The measured growth rate
concerns the radial increment on the side where wounding
occurred. Depending on the number of positions around
the stem circumference active during the study period, this
value might underestimate the total increase in stem width.
On the other side, growth layers growing at the time of
wounding have already produced (part of) their phloem
band, which might have resulted in an overestimation of
the growth rate. Among mangrove species, the present find-
ings on radial growth corresponded quantitatively with the
radial growth of Rhizophora mucronata growing in the
same forest in Gazi Bay, <0-5—-4-81 mm year ' (Verheyden,
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2004), and of Heritiera fomes and Sonneratia apetala from
Bangladesh, 1-4 +0-5 and 2+ 1 mm year ', respectively
(Md Q Chowdhury, Wageningen University, The Netherlands,
unpubl. res.). Shiokura (1989) and Thampanya (2006)
mention a higher growth rate of 3-8—5.7 mm year ' for
Avicennia species from Japan and Thailand. A soil water salinity
level rarely exceeding 40 %o (see also Table 2) in these
countries’ mangrove forests (Wakushima et al, 1994a, b)
might be responsible for the inconsistency. In India, three
A. officinalis trees even had a diameter growth of 25-3 mm
year ' (Baker, 1915). The growth layers there are suggested
to be monthly (Baker, 1915) and thus are approx. 1 mm wide,
as are those of A. marina (Table 3) and of A. germinans from
Japan (Sun and Suzuki, 2000).

What triggers cambium differentiation?

The second hypothesis of the growth layer width being
determined by soil water salinity was only partially
accepted. The similar width of the growth layers of different
Avicennia species together with the influence of radial
growth on the formation of a new growth layer is in
favour of a mainly endogenous control of cambium differ-
entiation. An additional external influence of tree height
and soil water salinity was recorded. Also, in other
species, stem radius and number of growth layers are
highly related (Ogden, 1981; Ruthrof et al., 2003), but in
A. marina the relationship applies even along the different
radii of a single asymmetric stem disc. Moreover, the
radial increment of 2005—-2006 was only slightly related
to the width of the corresponding growth layers as com-
pared with trees with one vascular cambium. A strictly con-
trolled growth layer formation results in a regular dispersion
of the phloem tissue over the entire stem disc. Within one
growth layer, the ratio of xylem to phloem tissue is lower
compared with trees with conventional secondary growth
(ratio: 2—-9; Table 3) (Artschwager, 1950; Waisel et al.,
1966; Rajput and Rao, 2000). Besides, they accumulate
only a limited number of phloem increments, making the
total phloem fraction of an Avicennia stem considerably
higher (Esau, 1969). The functional advantage of such a
three-dimensional phloem network lies in its proposed
role in embolism repair and water storage (Mauseth and
Plemons-Rodriguez, 1997; Salleo et al., 2004, 2006;
Scholz et al., 2007), supported by the decreasing growth
layer width with increasing soil water salinity. The
smaller the growth layers are, the higher is the percentage
of phloem tissue and the lower the fraction of thick-walled
xylem fibres, since the increase in phloem tissue was only
22 % of the xylem production. Therefore, the disappearance
of growth layers at the smaller radius of asymmetric stems,
instead of becoming smaller, might ensure the mechanical
stability of the tree. The finding of wider growth layers in
larger trees confirms this idea though no age trend was
observed. Nevertheless, the considerable variation in
growth layer width within a tree, with an average range of
402 + 92 to 1564 + 354 pm (n=47), underscored the
existence of an external control on the development of a
new cambium superimposed on a genetically defined
basic growth layer width.

In conclusion, a patchy growth via successive cambia
may offer a functional advantage under xeric and fluctuat-
ing environmental conditions as occur in the mangrove
environment. It is proposed that growth layer width is
partly predetermined by mature tree height and partly con-
trolled by the micro-environmental conditions via a trade-
off between hydraulic safety and mechanical stability.
Optimal growth conditions could prematurely stimulate
the differentiation of a new cambium, resulting in two sim-
ultaneously forming growth layers. In this way, beneficial
growth conditions could be exploited, which is supported
by the significantly larger increment of the trees showing
a double wound. To test this hypothesis and the proposed
patchy growth, future studies should focus on controlled
eco-physiological experiments and address the cambial
activity on an intra-annual level, considering intra-tree vari-
ations and the relationship with tree phenology. Further
insight into the functioning of successive cambia in differ-
ent tree species and the link with environmental conditions
is needed to reveal this growth strategy as a functional adap-
tation or a mere structural oddity.
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