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INTRODUCTION

Mangrove systems are often described as zoned,
according to the intertidal environmental gradients
evident in their habitat (e.g. Macnae 1968). Along the
East African coast, these ecosystems are reported to
thrive in an intertidal area featuring a regular slope
from the terrestrial areas towards the sea (e.g. Walter &
Steiner 1936). In spite of their usefulness as breeding,
spawning, hatching and nursery grounds for a diverse
fauna, as a protection against coastal erosion (e.g.

Othman 1994, Dahdouh-Guebas et al. 2005a) and
extreme weather events (e.g. Badola & Hussain 2005)
and as a source of wood (Baran 1999, Dahdouh-
Guebas et al. 2000a, Barbier & Cox 2002, Kairo et al.
2002, Barbier 2003), mangroves are being destroyed
and are threatened worldwide. In recent decades the
global coverage of mangroves along tropical coastlines
has declined from 75% (Chapman 1976) to ca. 25%,
mainly by logging, expansion of agriculture, aquacul-
ture (Farnsworth & Ellison 1997), irrigation systems
(Dahdouh-Guebas et al. 2005b), tourism development
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and oil spills (Duke et al. 1997). Another plausible
future environmental change cannot be left unmen-
tioned, i.e. sea level rise, as the Intergovernmental
Panel for Climate Change (IPCC) states a conservative
scenario of 4.8 mm yr–1 (IPCC 2001). This could have a
major influence on mangrove ecosystems, depending
on the actual rate of the sea level rise, the sediment
supply and the topography of the coastline (Woodroffe
1990, Gilman et al. 2006).

Relationships between the vegetation structure and
abiotic, biotic and human factors have been investi-
gated through both linear and multivariate analyses
(Gallin et al. 1989, Matthijs et al. 1999, Dahdouh-
Guebas et al. 2000b, 2002a,b, Dahdouh-Guebas &
Koedam 2002). Although such studies have provided
insight into plant-environment relationships in adult
individuals, they have contributed little to the under-
standing of propagule establishment. There is in fact a
research gap between the results derived from repro-
ductive phenology, which usually stops with the
maturing of propagules on parental trees (e.g. Chris-
tensen & Wium-Andersen 1977, Wium-Andersen &
Christensen 1978, Wium-Andersen 1981, Duke 1990,
Ochieng & Erftemeijer 2002), and the results provided
by vegetational and physio-ecological research, which
only starts from established young or adult trees and
studies the effect of the environment on propagule
growth or survival (e.g. McMillan 1971, Palihawadene
& Pinto 1989, McKee 1993, Matthijs et al. 1999, Krauss
& Allen 2003). Our current scientific understanding
therefore cannot account for the period between the
mature, falling propagule and its establishment.

It has been suggested that mangrove trees of the
family of the Rhizophoraceae reach a particular place
by one of following strategies: either the planting strat-
egy or the stranding strategy. The planting strategy
states that when the torpedo-shaped propagules drop
from the adult tree, they can self-plant in the muddy
substrate. The stranding strategy however indicates
that propagules can be transported through water and
thereby strand in areas further afield, either within the
same or another mangrove forest, or sometimes even
colonising a bare site. Various authors have been
inclined to support either the planting (e.g. La Rue &
Muzik 1951) or the stranding strategy (e.g. Egler 1948,
Rabinowitz 1978a,b). However, Van Speybroeck
(1992) reported that self-planting appears to be the
major mechanism of propagule dispersal in relatively
undisturbed mangrove forests, while stranding proves
to be dominant in colonizing over-exploited and
cleared mangrove forests. Our experience with man-
groves in Africa and Asia indicates that many man-
grove species, in particular Rhizophoraceae represen-
tatives, have a well-developed canopy, younger tree
layers and a complex root labyrinth, all of which hinder

a perfect fall and self-planting in the substrate. We
believe that in natural situations the influence of water
in propagule dispersal is more important than com-
monly accepted. Unfortunately, it is seldom high-
lighted that microtopography in a 3-dimensional (3D)
space can strongly influence the water accessibility
within a specific region and that investigating this
aspect as an influential factor in the dispersion of man-
grove propagules could open new vistas within this
area of expertise. At best, only the influence of floating
debris in propagule establishment has been demon-
strated (Delgado et al. 2001, Krauss et al. 2005); the 2D-
intertidal position was used as a measure of elevation
to interpret zonation patterns (Santos et al. 1997), and
land-water ratios were used to quantify stranding
ability (Dahdouh-Guebas 2001). 

It is known that clear-felling of mangroves in gen-
eral, and therefore also in our study area Gazi Bay,
negatively influences natural regeneration and this is
most likely due to the resulting unfavourable site con-
ditions (Bosire et al. 2003). Mangroves do not have a
seed bank, but propagules disperse, settle and estab-
lish when they encounter a suitable habitat. 

Root systems like prop roots and pencil roots can
play an important role in trapping these dispersion
units and assuring the establishment of a sapling bank
(Ellison 2000), while they can also dissipate current
energy and in this way trap sediment in their struc-
tures (Mazda et al. 1997, Phuoc & Massel 2006), caus-
ing a modification in the grain size distribution of the
substrate (Bosire 1999). Primarily, clay and silt are
trapped by these systems, while naked sites within
mangrove areas are often covered by sandy substrates.
Bosire (1999) proved that bare sites can remain in the
same state for a substantial time (at least, no coloniza-
tion was observed for ca. 10 yr); propagules and juve-
niles will successively be washed away by incoming
and outgoing tides, thus natural regeneration will no
longer be possible (Kairo 2001). Clear-felling of these
trees and their associated root systems can therefore
have severe consequences on propagule dispersal and
establishment, and furthermore clear-felling is closely
associated with a decreased stability of the soil which
enhances erosion and which can therefore cause an
alteration in elevation. 

The aim of the present paper is to investigate the
influence of microtopography — defined as soil height
differences between neighbouring trees within a par-
ticular mangrove assemblage — and some associated
factors (root complexity, type of substrate) on the suit-
ability for the establishment of mangrove propagules
of 2 Rhizophoraceae species (Ceriops tagal and Rhi-
zophora mucronata). By (1) constructing a digital ter-
rain model (DTM) of very high spatial resolution, (2)
knowing the exact position of individual trees and (3)
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monitoring propagule stranding/self-planting occur-
rence, it was possible to simulate water level fluctua-
tions and create maps that indicate the suitability for
stranding or self-planting of each species concerned.
This mangrove study on digital terrain modelling was
restricted to zoned mangroves. However, alterations
resulting from degradation and/or sea level changes
(e.g. changes in topography, geomorphology, coral
growth, wave action, siltation through El Niño rains)
are beyond the scope of this study. The main focus
here was propagule dispersion. 

MATERIALS AND METHODS

Area description. Located at 4° 26’ S, 39° 30’ E, Gazi is
a village situated on the southern coast of Kenya approx-
imately 45 km south of the historic port (Kilindini) of
Mombasa (Fig. 1). The mangrove forests along the bay of
Gazi cover an area of 5 km2 and are dominated by
10 East African mangrove species: Avicennia marina
(Forsk.) Vierh., Bruguiera gymnorrhiza (L.) Lam., Ceri-
ops tagal (Perr.) C. B. Robinson, Heritiera littoralis
Dryand., Lumnitzera racemosa Willd., Rhizophora
mucronata Lam., Sonneratia alba Sm., Xylocarpus gra-
natum Koen, X. moluccensis (Lamk.) Roem, and Pem-
phis acidula Forst. (nomenclature according to Tom-

linson 1986). Gazi Bay has recurrently been described as
a bay fringed with mangrove forests, seagrass beds and
coral reefs (Gallin et al. 1989, Coppejans et al. 1992,
Hemminga et al. 1994, Slim et al. 1996, Dahdouh-
Guebas et al. 2002a,b). 

The topographical measurements were conducted at
an area of ca. 0.1 ha within a mixed mangrove stand
dominated by Rhizophora mucronata and Ceriops
tagal, whilst the propagule counts were conducted
along 5 line transects throughout the forest (Fig. 1).
The fieldwork was done over a time span of 6 wk in
February–March 2002, the hot dry season of Kenya.
The dry seasons coincide with the Indian Ocean mon-
soon currents: warm during the Northern Hemisphere
northeast monsoon and cool during the Southern
Hemisphere southeast monsoon, reflecting the differ-
ent origins of the air masses and their fetch over ocean
or desert (Glantz 1998). 

Microtopographical field survey and construction
of a DTM. The final aim of the microtopographical field
survey was to construct a DTM, the electronic process
of representing topography in 3 dimensions. 

Surveying methods: Using an optical level and a 4 m
aluminium tower ruler divided into 0.5 cm intervals, an
area of 840 m2 (Fig. 1) was covered to measure the ele-
vation of the mangrove soil with a final resolution of
25 × 25 cm in the topographical rough areas and a
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Fig. 1. Gazi Bay (Kenya) with indication of the line transects for the propagule dispersal counts and the 840 m2 study area used for 
microtopographical surveying. North arrow applies to all maps
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resolution of 50 × 50 cm or 1 m2 within areas that are
characterized by a relatively flat surface. 

The first surveying method applied in the field (‘tra-
versing’) consists of measuring horizontal angles and
distances. In this manner 2 polygons were created, en-
compassing a total of 31 anchor points1 (7 of which are
mutual). The angle error fa for the closure of both poly-
gons (first anchor point = last anchor point) was calcu-
lated and amounted to –2.50° and 3.32° for Polygon 1
and 2, respectively. These values were then tested to
their tolerance τa (calculations according to Kahmen &
Faig 1988, Bannister et al. 1998) to verify whether these
values were smaller: τa = 2.6 1n σα where σα = deviation
on an angle measurement and n = number of angles.

For Polygon 1 and 2 respectively, τa had a value of
6.10° and 3.68°, meaning that fa can be divided evenly
amongst all the anchor points in order to actually
‘close’ the polygon. 

The same procedure was applied for the distance
error fL (calculations according to Kahmen & Faig 1988,
Bannister et al. 1998) which added up to 1.06 m for
Polygon 1 and 0.20 m for Polygon 2, while the toler-
ance τL was higher for both Polygon 1 (1.20 m) and 2
(0.81 m). 

Having satisfied these conditions, this preliminary
polygon network could then be expanded to the
second phase. 

In a second stage, 29 sub-points and a substantial
number of detail points were surveyed using distance
measurements, placing the optical level in the un-
known points and determining stadiametric distances
to known points. The main prerequisite of this method
is the minimum number of 2 distance measurements to-
wards 2 known points, so during this field work these
points were linked to 3 or more anchor points, allowing
us to apply the least squares method with the aim of
generating more accurate results through superfluous
measurements (calculations according to Kahmen &
Faig 1988, Alberda 1991, Bannister et al. 1998). Finally,
for each point the height measurements were simulta-
neously achieved by means of the method ‘geometric
levelling’, which takes into account the collimation
errors (calculations according to loc. cit.). Collimation
errors occur when the collimation axis is not fully hori-
zontal when the instrument is level. These errors are
eliminated when sight lengths are kept equal, which is
the case with geometric levelling. Furthermore, for a
typical collimation error of 20”, over a sight length of
50 m the effect is 5 mm, but for smaller distances, as
within this study area, errors can be considered negligi-
ble (Kahmen & Faig 1988).

Construction of a DTM: In total, 5315 points were
measured, which were then checked for errors and
converted to a set of points with an x, y and z value,
describing the position in a planimetric (x, y) and an
altimetric (z) plan. After visualizing the total number of
points, 67 detail points were discarded since they
appeared outside the study area and were likely to
generate further errors. The remaining measurements
served as an input to create a Triangular Irregular Net-
work (TIN), a set of triangles that are connected by
their sides and that each have a particular (irregular)
shape and slope in a 3D space. The TIN-construction
was based on the (non-constrained) Delauney triangu-
lation of the original set of points by use of Voronoi dia-
grams (see Raper 1990, McCoy & Johnston 2002).

Height above datum (HAD): Since the use of a dif-
ferential global positioning system to vertically geo-
reference the area was not possible due to the high
canopy coverage, the relative elevations were con-
verted to absolute HAD using alternative field experi-
ments. Dry strips of ecoline-dyed paper were fixed
along one of the major trunks or aerial roots of 5 Rhizo-
phora trees, each of which overlaid a detail point, and
monitored during 7 consecutive days. As ecoline dis-
solves in water, the mark of dissolved and undissolved
ecoline on the strips indicated the height of the previ-
ous high tide. Since monitoring took place during the
day, this measurement was limited to the highest tide
of current diurnal or previous nocturnal tide. Finally,
by using the documented Kilindini tide tables, the
approximate absolute height of the water could be cal-
culated and the relative elevations in the DTM con-
verted to approximate absolute field topography. The
data concerning the water level heights are derived
from the Kenya Ports Authority that annually publishes
the tide tables in which heights, relative to the datums
of the largest scale Admiralty charts of Port Mombasa,
Kilindini (4° 4’ S, 39° 39’ E, approximately 45 km north
of the study area Gazi Bay), are tabulated for all tides
with an indication of the time at which they occur
(Kenya Ports Authority 2002). Though tide predictions
data are also available from the nearest Secondary
Port, Wasini Island (4° 39’ S, 39° 39’ E, approximately
25 km south of Gazi Bay), we opted for those from the
Standard Port, Port Mombasa (Kilindini), because data
from Secondary Ports are extremely variable in qual-
ity. Furthermore, the published Admiralty charts docu-
ment the differences in mean high water at spring tide
(MHWS), mean high water at neap tide (MHWN),
mean low water at neap tide (MLWN) and mean low
water at spring tide (MLWS) between the Standard
Port (Kilindini) and the Secondary Port (Wasini Island)
respectively as following +0.1 m, +0.1 m, +0.1 m and
0.0 m. Since Gazi Bay is situated between these ports,
we considered these differences negligible for our
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study and decided on the predicted tidal data of the
Standard Port, Kilindini, which provides an adequate
local prediction of the tide, instead of the less reliable
data from the Secondary Port. In some enclosed and
shallow bay systems such as Gazi Bay, height differ-
ences between actual tidal amplitude and tide table
predictions can occur, but besides the documented dif-
ferences between the Standard Port and the Sec-
ondary Port, we note that the height measurements
within the study area are very detailed and possible
height differences do not influence the outcome of this
paper because both DTM and IPCC sea level rise sce-
nario are derived from the same tide predictions and so
relative height differences (which are most important
in this study) remain the same. Finally, considerable
significant differences between predicted tidal heights
and actual heights can occur when meteorological con-
ditions differ from the average and extreme weather
events arise. Variations in tidal heights are mainly
caused by very strong or prolonged winds and by
unusually high or low barometric pressure, which was
not the case during the year in which the measure-
ments were taken.

Field survey of the vegetation. The aim of the vege-
tational survey was to map the exact position of each
adult tree in the study area. Using coconut-wire the ca.
0.1 ha area was divided into grid cells of 5 × 5 m, which
were further divided into 1 m2 cells at the time of map-
ping. Mapping within each square meter was done us-
ing a measuring tape. The exact position of stems taller
than 1.3 m and with a diameter at 130 cm trunk height
(D130) greater than 2.5 cm was indicated on paper pre-
printed with the same grid. Along with the D130, the
species identity was also noted, and the extent of prop
roots were drawn to scale on the millimeter paper. The
total coverage of the canopy in all quadrats of 10 × 10 m
was between 80 and 100%. These percentages were
estimated and compared by the 2 people working in the
field, meaning that both faced upwards from the centre
of the quadrat and gave an approximation of the adult
coverage encompassing the 10 × 10 m, as applied in
the Braun-Blanquet method (Kent & Coker 1992). The
latter measurements were directly implemented in
several shapefiles by means of ArcGIS 8.2.

Propagule counts. Our 3 null hypotheses were as
follows:

All propagules are equally distributed and have no
preference for a specific site.

There is no difference between the 2 Rhizophora-
ceae species regarding suitability of the environment
for establishment.

Propagules establish equally through stranding and
self-planting. 

Parallel with the ongoing daily topographical mea-
surements, successive propagule counts were carried

out in February–March 2002 both at 4 d intervals and
in a total of 35 permanent quadrats. The elevation
above mean low water was assumed to be the predom-
inant environmental factor affecting the distribution of
mangrove trees, and so line transects following this
altitude gradient (perpendicular to the coastline) were
used to set the different quadrats for the propagule
counts (Fig. 1). These line transects were positioned
according to a previous study in Gazi Bay by Dahdouh-
Guebas et al. (2004a) where the vegetation structure in
different layers was determined. The selection of the
quadrats was based on different settings of (1) root
complexity (prop roots, pencil roots, no roots), (2) soil
texture (sand, silt or clay dominated) and (3) slope
(gentle slope < 5°, medium slope between 6 and 25°,
and strong slope > 25°). It was not our intention to clas-
sify soil texture according to soil percentage, but to
observe the upper soil layer and assign it to 1 of 3 pos-
sible classes (sand, silt or clay). The category ‘sand’ is
very clear considering the light yellow colour and the
coarse structure, while the structure of clay is much
darker and more compact and the smell reveals the
presence of H2S. The remaining quadrats were catego-
rized as silt dominated. The factor ‘slope’ was deter-
mined by means of a clinometer. The combination of
these factors in different quadrats was examined in
order to estimate the effect of these environmental
settings on the suitability for propagules to strand or
self-plant naturally under these conditions. 

Other distinctions were also made according to the
position (stranded or self-planted) and the species
(Rhizophora mucronata and Ceriops tagal). In the sites
tidally comparable to our mapped area, and located in
the adjacent wider mangrove forest (Fig. 1), areas dif-
fering in just one of these conditions (while the other
ones remained constant) were not always available. It
is recognised that these counts also depend on the
seasonal availability of propagules. 

The effect of the environmental conditions on
propagule stranding suitability was tested using 1-way
ANOVA, Univariate tests and MANOVA (α = 0.05).
These tests were applied after completing a Levene’s
test and a Kolmogorov-Smirnov test to certify that the
data satisfied the basic statistical assumptions (i.e.
homoscedasticity and normal distribution, respec-
tively). 

Furthermore, in order to structure the data set con-
cerning propagule counts and to distinguish the varia-
tion in species data (Rhizophora mucronata and Ceri-
ops tagal) in relation to the environmental variables
(substrate, slope and root complex), a direct gradient
analyses was conducted by means of CANOCO 4.5.
When carrying out a canonical correspondence analy-
sis (CCA), the sum of all eigenvalues added up to 1.61
and, since this value was smaller than 4, the analysis
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was conducted by means of a redundancy analysis
(RDA) (ter Braak & Smilauer 2002). 

GIS based water level simulations and stranding
suitability. The main objectives and methodology of
the GIS analyses were designed to investigate the fol-
lowing conditions (a general summary of the processes
within ArcGIS is shown in Fig. 2).

Suitable regions for stranding and self-planting of
propagules: Considering the different factors (slope,
substrate and root complex), the statistical analyses
revealed the combined settings where propagules of
each species, Ceriops tagal and Rhizophora mucro-
nata, tend to have the most, less or least chance of
stranding after dispersion by water or to self-plant after
falling from their parental tree. We defined suitability
as the ease with which a propagule could reach a par-
ticular site by stranding or self-planting, and become
entangled by certain structures. Previous information
is implemented in ArcGIS 8.2 where the different
shapefiles of each abiotic factor are combined to a suit-
ability map for either C. tagal or R. mucronata, based

on an assembled table derived from the statistical
analyses. This table contains values of 1 (most suit-
able), 2 (suitable) or 3 (least suitable) and represents a
decrease of possible self-planted or stranded propa-
gules from 1 to 3, but even in the ‘least suitable’ area it
is possible that a propagule sporadically strands or
self-plants. The areas that are very suitable encompass
the most favourable characteristics for stranding or
self-planting of propagules, but we also verified
whether these areas are actually accessible to propag-
ules carried by local currents through the function
‘WaterShed’ in ArcGIS 8.2. 

Influence of degradation (cutting) on the dispersal
of propagules: The possible influences of degradation
within the study area were investigated by creating a
hypothetical scenario in which all trees of the species
Rhizophora mucronata within the area are cut down.
The trees of the species Ceriops tagal will hypotheti-
cally still be present but their root complex occupies a
much smaller basal area. The implications of clear-
felling are discussed in the ‘Introduction’.
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Fig. 2. Methodology applied by means of ArcGIS 8.2 in order to obtain the suitability maps for propagule dispersal, and to investigate 
the influence of degradation (cutting) and sea level rise on these processes
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Influence of water level modifications on the struc-
ture of mangroves: The possible influences of changing
tidal levels were evaluated by simulating water level
fluctuations in ArcGIS 8.2. The simulations give infor-
mation concerning the ‘land/water ratio’, a factor with a
high ecological importance when it comes to vegetation
structure dynamics and explaining possible variations
in vegetation data. First of all, we checked which tidal
level is most favourable for the supply of propagules to
the most suitable areas under the current conditions.
The current situation was then compared with a possi-
ble future scenario that would take place within a time
span of 20 yr; a period in which mangroves can
establish without undergoing drastic changes. A sea
level rise of 4.8 mm yr–1 was presupposed according to
a conservative and realistic scenario from the IPCC,
values also referred to by Woodroffe (1990) and
Nicholls et al. (1999). Over a time span of 20 yr this
would add up to a 9.6 cm rise. Bearing in mind the re-
ductionistic approach, the following scenarios (both un-
der current and future conditions) were studied: ‘What
is the land/water ratio for each scenario?’, ‘Will the sea
level rise scenario cause a significant modification in
the dispersal of propagules?’, and ‘If not, which struc-
tural changes in the vegetation might be the outcome?’. 

RESULTS

DTM and vegetation map of the study area 

Throughout the whole study area, where Rhizophora
mucronata and Ceriops tagal are the most prominent,
317 adult mangrove trees were located and measured.
These species represent respectively 44.2 and 42.3%
of the total number of mangrove trees present. In view
of the clear zonation pattern in Gazi, with an inland
zone of Avicennia marina, a mixed zone of A. marina +
C. tagal + R. mucronata, a zone of R. mucronata and
more seaward another A. marina zone and a marginal
zone of Sonneratia alba (Gallin et al. 1989, Van Spey-
broeck 1992, Dahdouh-Guebas et al. 1999, 2002a,b,
2004a,b), we can describe this study area as situated in
the mixed zone A. marina + C. tagal + R. mucronata.

As the extent of prop roots, stilt roots and remaining
area without roots were drawn to scale on millimeter
paper, this information was digitized by means of
ArcGIS 8.2 into a shapefile of polygons covering the
whole area. Visualisation together with the vegetation
and the DTM is shown in Fig. 3. The total coverage of
the different root systems can be summed up to 59.2%
prop roots, 10.7% pencil roots and 30.1% of the area
without roots. Concerning the slope values derived
from the DTM, gentle and strong slopes occupy 32.1
and 8.3%, respectively. 
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Fig. 3. Digital terrain model (DTM) of the study area in Gazi
Bay overlaid by the trees (Rhizophora mucronata, Ceriops
tagal, Sonneratia alba, Xylocarpus granatum) and root com-
plex present. HAD = height above datum, D130 = diameter

at 130 cm
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Propagule counts

From the several statistical analyses, we can con-
clude that all 3 null hypotheses (see ‘Introduction’) can
be rejected. First of all, propagules are not all distrib-
uted equally, but displayed a preference for sites with
certain features. The most favourable combinations,
derived from the significance values of these tests
and the descriptive statistics, are the following: ‘prop
roots + clay + Ceriops tagal ’, ‘pencil roots + silt +
Rhizophora mucronata’ and ‘gentle slope + clay + C.
tagal ’, ‘gentle slope + silt + R. mucronata’, ‘silt + pencil
roots + stranded’ and ‘clay + prop roots + self-planted’.
Secondly, C. tagal and R. mucronata have a clear pref-
erence for ‘prop roots + clay’ and ‘pencil roots + silt’ re-
spectively. Furthermore, we encountered on average
more stranded than self-planted propagules, and
stranded propagules tended to occur in ‘pencil roots’,
‘silt’ or ‘clay’ in flat areas, whilst self-planted propa-
gules (mostly C. tagal) are more often located in re-
gions with ‘prop roots’ and ‘clay’. 

Additional results from the RDA show that (1) there
is a clear division between the propagules of Ceriops
tagal and Rhizophora mucronata (C. tagal shows a
higher separation between the self-planted and the

stranded propagules); and (2) the variation between
the species is mainly determined by the environmental
variable ‘substrate’; preference of R. mucronata is for
the category ‘silt dominated’ whilst C. tagal inclines
towards clay dominated areas.

The Appendix contains a detailed review of the
statistical results (available online as MEPS Supple-
mentary Material at: www.int-res.com/articles/suppl/
m356p175_app.pdf), and Table 1 summarises the
scores, derived from the conclusions of the previous
hypotheses, which were adapted in the spatial analy-
ses by means of ArcGIS 8.2.

GIS based water level simulations and stranding
suitability

Suitable regions for stranding and self-planting of
propagules. The suitability maps (Fig. 4) of Rhi-
zophora mucronata and Ceriops tagal represent the
regions within the study area where propagules of
the latter species have the most, less or least chance
of being found after dispersion by water or of self-
planting after falling from the parental tree. The cate-
gory ‘most suitable’ occupies a larger percentage of
the total area surface for R. mucronata (35.4%),
although there is no major difference from that for C.
tagal (25.7%). As suggested in the results concerning
the propagule counts, the main variation between
these 2 species is caused by the factor ‘substrate’ (silt
dominated vs. clay dominated), but since we only
found silt dominated and sand dominated substrates
within the study area, the variation is small. The
areas occupied by the most suitable areas for R.
mucronata and C. tagal were 215.9 and 297.4 m2,
respectively, whilst the less suitable areas represent
the biggest part of the total area (350.3 and 416.6 m2,
respectively).

Influence of degradation (cutting) on the dispersal
of propagules. The elimination of the prop roots of Rhi-
zophora mucronata has a substantial effect on the com-
position of the suitability maps (Fig. 4): the most suit-
able areas have completely disappeared for Ceriops
tagal, whilst only a negligible percentage (0.2%) re-
mains for R. mucronata. Considering the less suitable
areas under the hypothetical scenario of decreased
root complexity, R. mucronata shows the highest value
(R. mucronata: 60.7%; C. tagal: 50.4%).

Effect of water level modifications on the structure
of mangroves. Fig. 5 shows the most favourable tidal
level for the current situation concerning the supply of
Ceriops tagal propagules to the most suitable regions
(the same procedure was performed for Rhizophora
mucronata). Higher tidal levels would most probably
relocate a number of the propagules to the northern
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Factor Suitability
Substrate Slope RC C. tagal R. mucronata

Silt Gentle Prop roots 1 1
Pencil roots 2 1
No roots 2 2

Medium Prop roots 2 2
Pencil roots 3 2
No roots 3 3

Strong Prop roots 2 2
Pencil roots 3 2
No roots 3 3

Sand Gentle Prop roots 2 1
Pencil roots 3 2
No roots 3 2

Medium Prop roots 2 2
Pencil roots 3 2
No roots 3 3

Strong Prop roots 2 2
Pencil roots na na
No roots 3 3

Table 1. Overview of the different combinations of factors
(substrate, slope and root complex [RC]) and the associated
scores concerning the propagule dispersal suitability. These
scores are a synthetic conclusion derived from our 3 null
hypotheses (see ‘Materials and methods: Propagule counts’).
1 = most suitable, 2 = less suitable and 3 = least suitable (these
scores will be used in the following GIS analyses), na = not

applicable (combination did not occur in our study site)

www.int-res.com/articles/suppl/ m356p175_app.pdf
www.int-res.com/articles/suppl/ m356p175_app.pdf
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Fig. 4. Maps of (a) root complex, (b) slope and (c) substrate, here, and the score chart (Table 1), are combined in ArcGIS 8.2. to ob-
tain the suitability maps for propagule dispersal of (d) Ceriops tagal and (e) Rhizophora mucronata. (f,g) Influence of degradation

(cutting) on suitability for propagule dispersal of (f) C. tagal and (g) R. mucronata. North arrow applies to all maps

Fig. 5. Following observation of the most suitable regions for propagule dispersal and their watershed, the most optimal tidal
level height above datum (HAD) (2.01 m) was (a) obtained for the current situation and (b) extrapolated (2.11 m HAD) to a future
scenario where sea level rises by 9.6 cm (example for Ceriops tagal). (c) Area of suitability (within the total surveyed area of 

840 m2) at different HAD for C. tagal and Rhizophora mucronata. North arrow applies to both maps
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regions where the conditions for stranding are least
favourable. 

When considering the future scenario, where sea
level rises by 9.6 cm over a period of 20 yr (Fig. 5), the
tidal levels provide a substantially larger inundation
area (land/water ratio, Table 2). For both species (but
especially R. mucronata) a sea level rise could possibly
cause a modification in the distribution of the propa-
gules within the whole study area. The map shows that
an extrapolation of the optimal tidal level (as in current
conditions) expands the reach of the most suitable
regions, which means that a gradual withdrawal of
the water can leave propagules to strand in the least
suitable northern regions. This hypothetical scenario,
representing a minimum sea level rise of 4.8 mm yr–1,
could alter the distribution pattern of the juvenile
vegetation layer within a time span of 20 yr, which
could lead to noticeable floristic modifications from a
regional point of view.

DISCUSSION

The results from the various statistical tests demon-
strate that each of the environmental factors (slope,
substrate and root complex) has a significant influence
on the suitability of the mangrove floor for juvenile
propagules. The most favourable category for propa-
gule establishment was determined for each factor:
prop roots and pencil roots clearly have the ability to
entangle propagules in their structures (see also Dah-
douh-Guebas & Koedam 2006); flat areas and sub-
strates with a more compact soil structure (clay, silt)
can hold propagules better. These findings bring us
one step closer towards closing the knowledge gap
regarding the period between the mature, falling
propagule and its establishment. 

It was also clear that in all possible situations more
stranded propagules were encountered, yet we cannot
totally exclude a significant presence of self-planted
propagules since they appear frequently in plots that
contain prop roots. Furthermore, propagules possibly
self-plant near their parental trees, but sometimes they
may not necessarily be anchored firmly enough in

the substrate. Within a time span of 4 d (time inter-
val between 2 measurements) they could have been
washed away by the incoming tides, especially at the
seaward side where the wave action is highest. Propa-
gules of Ceriops tagal are often found self-planted,
especially on the landward side where the wave action
is lowest. These propagules are thinner and sharper
than the heavier propagules of Rhizophora mucronata,
which apparently gives them the advantage to self-
plant. Previous conclusions link up with the theory
according to Van Speybroeck (1992), which states that
both stranding and self-planting can occur simultane-
ously within a mangrove forest. Considering the dis-
persal characteristics of propagules, it is also essential
to bear in mind their dispersal potential including
weight, form, orientation, buoyancy and time to take
root (Tomlinson 1986, Clarke 1993, Clarke & Myers-
cough 1993, Clarke et al. 2001). 

In a wider framework of vegetation structure dynam-
ics, it is of great importance to generate reliable predic-
tions on the current status of a mangrove forest. As
shown in the synthetic scheme (Fig. 6), a naked � or
unsuitable site � within a mangrove forest needs to
overcome a critical step to (re-)enter a positive cycle of
development and self maintenance. This step can be
naturally or artificially induced; either way it will lead
to a development of a forest nucleus � within the
naked site (Situation 1) or an expansion of the man-
grove forest � through an improvement of the unsuit-
able regions (Situation 2). When considering the nat-
ural development, both situations require an adequate
natural maintenance, improving forest resilience
through tidal distribution � or self-planting � of the
propagules. When propagules are transported by tidal
currents or self-planted when falling from the adult
tree, propagule recruitment may occur if the dispersal
units first of all arrive in a suitable area � and if other
factors, including predation (Smith 1987, Dahdouh-
Guebas et al. 1997, 1998, Lee 1998), interspecific com-
petition, frequency of inundation and physico-chemical
characteristics of the surface (Delgado et al. 2001), are
favourable. Propagule recruitment, closing the positive
cycle, drives natural rejuvenation and therefore further
development and self maintenance of a mangrove for-

est. However, when propagules are
firmly self-planted under the parental
tree, this can only lead to a contiguous
forest expansion 	, whilst a tidal distri-
bution can also initiate a new forest nu-
cleus in a naked site 
 further afield. 

The suitability maps created for Ceri-
ops tagal and Rhizophora mucronata
show that under current circumstances
a large proportion of the study area is
very suitable for the stranding or self-
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Species Current situation Future scenario
Optimal HAD Land/water Optimal HAD Land/water 

(m) ratio (m) ratio

C. tagal 2.01 1:1.84 2.11 1:4.010
R. mucronata 2.11 1:4.01 2.21 1:11.49

Table 2. Optimal tidal level height above datum (HAD) (m) and the land/water
ratio for the species Ceriops tagal and Rhizophora mucronata under the current 

situation and possible future scenario of sea level rise
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planting of propagules and self-maintenance is likely.
These areas have the potential to successfully regener-
ate, yet the question remains whether the same areas
are also suitable for the further development and
growth of the propagules. The establishment and sur-
vival success is dependent on many factors, as stated in
the previous paragraph. Furthermore, research along
the Kenyan coast has shown that the development of
mangrove seedlings does not occur randomly within
the intertidal region, but is restricted to areas where
the parental trees are present (e.g. Gallin 1988, Van
Speybroeck 1992, Dahdouh-Guebas et al. 2002a,b,
Dahdouh-Guebas & Koedam 2006). Even when the
parental trees have been cut down, seedling develop-
ment only takes place within the species-specific dis-
tribution zone (Van Speybroeck 1992). Since the study
area is situated within a mixed zone of Avicennia
marina + C. tagal + R. mucronata, we can assume that
seedling development is favourable since the parental
trees are present for both species. 

Another important factor is light: the study area is
mainly covered by the canopy of the adult trees and
although both species show a greater chance of sur-
vival in areas with more light, the chance of survival is
significantly higher for R. mucronata, explaining their
ability to colonize in the shade of other plants (Pali-
hawadene & Pinto 1989). Under current circumstances
we can presume that the study area in Gazi Bay has
the ability to successfully renew without human inter-
ference, however in the northern part tree cutting has
left its traces. If this degradation persists, more open
spaces will be created within the forest. The anchoring
of propagules will be more difficult, especially on the
seaward side where wave action is highest and the
necessity for propagules to entangle in certain root
structures is very important. 

Mangrove forests are subjected to severe anthro-
pogenic influence (Kairo 1995, Ellison & Farnsworth
1996, Duke et al. 1997, Farnsworth & Ellison 1997,
Abuodha & Kairo 2001, Dahdouh-Guebas et al. 2005b).
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Fig. 6. Synthetic scheme of
the positive development cy-
cle concerning propagule re-
cruitment in suitable areas
(through stranding or self-
planting), with the influence
of degradation (cutting) and
sea level rise. See ‘Discus-
sion’ for detailed explanation
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The cutting of these trees, especially the Rhizophora
spp., can lead to a serious degradation of the mangrove
forest and eventually to a disconnection of the positive
development cycle � (Fig. 6). The scale of degradation
determines the setback; when trees are randomly
removed from the forest, an area can easily become
unsuitable � for stranding or self-planting of propag-
ules, whilst tree cutting on a larger scale can create
new (isolated) naked sites . As stated in the ‘Intro-
duction’, prop and pencil roots function as traps for
propagules as well as for sediment, so when trees are
cut in a certain area, propagules have fewer structures
to attach to after dispersion by water. Additionally, as
the cutting of mangrove trees is also closely associated
with a decreased stability of the soil, this can lead to
erosion and therefore in certain situations (e.g. along
riverbanks) consequently to steeper slopes, which we
have shown to be less suitable for stranding or self-
planting of propagules. The cutting of trees in sandy
areas should especially be avoided since we have con-
firmed that propagules are least likely to firmly fix in a
coarse sand dominated surface layer, which impairs
propagule establishment without any human interven-
tion. Within Gazi Bay, many large bare and sandy sites
can be found, and research by Bosire (1999) has shown
that they can remain in the same state for a substantial
time (at least, no colonization was observed for ca.
10 yr). To avoid the risk of overexploitation, it is of
great importance that users of these natural resources
are informed about the ecological and therefore long-
term economical value of these ecosystems. Further-
more, the mangrove trees within the reach of the most
suitable regions for stranding or self planting of
propagules are of great value to a mangrove stand and
could provide useful information for forest manage-
ment concerning selective cutting of mangrove trees. 

The level of the sea is not, and has never been, con-
stant. Throughout the 20th century, sea levels have
already risen by 10 to 20 cm on average and the Inter-
governmental Panel on Climate Change (IPCC) Third
Assessment Report suggested a rise of 9 to 88 cm by
the year 2100 based on atmosphere-ocean general cir-
culation models and emission scenarios (IPCC 2001).
As mentioned in the ‘Introduction’, a sea level rise can
have a major influence on mangrove ecosystems
depending on the actual rate of the sea level rise, the
sediment supply and the topography of the coastline
(Woodroffe 1990, Gilman et al. 2006). When the rate of
sea level rise is too high and/or when a landward
expansion is hampered by an obstruction, mangrove
development takes a negative turn � towards an
unsuitable � or naked site � (Fig. 6). However, when
sea level rises relative to the mangrove surface and
when no obstructions are present, a positive develop-
ment � can occur, still dependent on the local site spe-

cific characteristics. Considering the hydrochorous dis-
persal of mangrove propagules, the hypothetical sce-
nario of sea level rise shows that an alteration of the
tidal level has a notable effect on the spatial distribu-
tion pattern of these propagules. Within the study area
in Gazi Bay, the extrapolation of the optimal tidal level
results in a larger inundation area where propagules
can be released in the least suitable northern regions,
yet these results are strongly dependent on the local
microtopography. In addition to this hypothetical sea
level rise scenario of 4.8 mm yr–1, other researchers
have concluded that the distribution pattern of the
juvenile vegetation layer can alter within a time span
of 20 yr. Along the Kenyan coast Rhizophora spp. are
preferentially used to produce charcoal, firewood,
house- and boat-building materials. However, cutting
Rhizophora spp. eventually leads to a new juvenile
layer dominated by Ceriops tagal (Dahdouh-Guebas et
al. 2000a, Kairo 2001, Kairo et al. 2002). Moreover, in
the Galle mangroves (Sri Lanka) between 1974 and
1994, a considerable area of R. apiculata in the central
area has been changed into an open space colonized
with the herbaceous plant Fimbristylis salbundia
subsp. pentaptera and young Excoecaria agallocha
trees (Dahdouh-Guebas et al. 2000b), i.e. non-
mangrove vegetation or mangrove of socio-ecological
value. 

This detailed study on digital terrain modelling in
mangroves was restricted to a small area within a
zoned mangrove forest, but on a broader scale the
applied methodology can also be a powerful tool in
the study of vegetation structure dynamics. The topo-
graphy within a mangrove forest may be site-specific,
but other parameters (e.g. root complexity, propagule
properties) are universal for mangrove ecosystems. 
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