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INTRODUCTION

Tropical mangrove forests are among the most pro-
ductive ecosystems in the world (Ellison 2008,
Nagelkerken et al. 2008), providing direct and indi-

rect services for the local fishing communities
(Mumby et al. 2004, Dahdouh-Guebas et al. 2005a,
Walters et al. 2008). They are also important regu -
lators of coastal ecosystem processes (Dahdouh-
Guebas et al. 2007, Ren et al. 2009), and assist in

© Inter-Research 2011 · www.int-res.com*Corresponding author. Email: fdahdouh@ulb.ac.be

Long-term mangrove forest development in Sri Lanka: 
early predictions evaluated against outcomes using
VHR remote sensing and VHR ground-truth data

Behara Satyanarayana1,2,3, Nico Koedam2, Kriki De Smet2, Diana Di Nitto1,2, 
Maite Bauwens2, Loku Pulukkuttige Jayatissa4, Stefano Cannicci5, 

Farid Dahdouh-Guebas1,2,*

1Laboratory of Systems Ecology and Resource Management, Département de Biologie des Organismes, Faculté des Sciences, 
Université Libre de Bruxelles-ULB, Avenue Franklin D. Roosevelt 50, 1050 Brussels, Belgium

2Laboratory of Plant Biology and Nature Management, Mangrove Management Group, Vrije Universiteit Brussel-VUB, 
Pleinlaan 2, 1050 Brussels, Belgium

3Institute of Oceanography, University Malaysia Terengganu (UMT), 21030 Kuala Terengganu, Malaysia
4Department of Botany, University of Ruhuna, Matara, Sri Lanka

5Dipartimento di Biologia Evoluzionistica, Università degli Studi di Firenze, via Romana 17, 50125 Firenze, Italy

ABSTRACT: Whereas anthropogenic impacts on the mangroves are often directly visible, some in-
direct impacts like biodiversity change are witnessed only over a period of time and therefore re-
quire medium to long-term monitoring. This study focuses on testing the predictions made 10 yr ago
concerning the evolution of a mangrove forest in Galle-Unawatuna, Sri Lanka. The very high reso-
lution (VHR) ground inventory revealed that the adult mangrove species composition is dominated
by Rhizophora apiculata, Excoecaria agallocha, Bruguiera gymnorrhiza and B. sexangula, with a
total density of 216 to 267 stems 0.1 ha−1 and a basal area of 1.19 to 1.44 m2 0.1 ha−1. However, both
young and juvenile vegetation in most sectors were dominated solely by B. gymnorrhiza (128 to 869
stems and 356 to 1482 propagules 0.1 ha−1). The recent decadal changes between 1994 and 2004
observed through IKONOS imagery and ground truthing confirmed many of the predictions and
showed dynamic shifts in young/adult vegetation of B. gymnorrhiza. Although dominance of
R. apiculata and E. agallocha has been seen to alternate over decades (1956 to 2004), the emerging
growth of B. gymnorrhiza might cause yet another transition of this mangrove area into a
Bruguiera-dominated forest in the near future, resulting in the conclusion that the ‘moving mosaic’
pattern of mangrove species distribution at Galle-Unawatuna still persists. We maintain that this
mangrove forest is probably one of the most dynamic in the world in terms of species turnover. To
our knowledge, the present study represents one of the few long-term field-based monitoring re-
search projects on mangroves using VHR remote sensing and VHR fieldwork at decadal intervals,
and is probably the only study testing forest development predictions made in the past.
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buffering the consequences of sea-level rise and
ocean surges (Dahdouh-Guebas & Koedam 2006a,
Quartel et al. 2007, Alongi 2008, Gilman et al. 2008,
Sanford 2009, Feagin et al. 2010). They are consid-
ered to be among the most carbon-rich forests in the
tropics (Donato et al. 2011).

However, several anthropogenic activities, particu-
larly aimed at short-term profit at the expense of
long-term productivity, pose a threat to mangroves
ubiquitously (Valiela et al. 2001). They have been
found to be declining much faster than inland tropi-
cal rainforests (Duke et al. 2007), but with little public
notice or relatively few organized reforestation pro-
grams (Kairo et al. 2001, Bosire et al. 2008). Recent
works (e.g. Kairo et al. 2002, Jayatissa et al. 2002)
have also indicated that decline in the biological
diversity and economic value of mangroves is due to
overexploitation of certain important species, which
in turn alters the floristic composition or vegetation
structure.

In view of logistic as well as practical difficulties
involved in qualitative and quantitative assessment
of mangroves through field surveys, remote sensing
and global distribution data are becoming indis-
pensable (Kovacs et al. 2004, Giri et al. 2007, 2008,
2011, Massó i Alemán et al. 2010). Moreover, very
high  resolution (VHR) special data acquired from
modern satellite sensors is extremely useful for dis-
tinguishing mangrove  species and/or species assem-
blages within the forest (Dahdouh-Guebas et al.
2005b, Proisy et al. 2007, Neukermans et al. 2008,
Satyanarayana et al. 2011).

Sri Lankan mangroves have attracted attention for
several decades (see Dahdouh-Guebas et al. 2000 for
details), with recent works utilizing remote sensing
(Verheyden et al. 2002, Dahdouh-Guebas et al.
2005b, 2006). The present study is primarily based on
the work of Dahdouh-Guebas et al. (2000), who stud-
ied the Galle-Unawatuna mangrove evolution be -
tween 1956 and 1994. The major structural changes
which occurred in the Galle-Unawatuna mangroves
at decadal intervals (cf. Dahdouh-Guebas et al. 2000)
make a continuation of change detection highly rele-
vant. In this context, Dahdouh-Guebas et al. (2000)
used forestry parameters (e.g. density) of the young
and juvenile vegetation to formulate possible struc-
tural changes. They forecasted (1) the transition of an
Excoecaria agallocha L. forest into one dominated by
Bruguiera gymnorrhiza (L.) Lamk., or at least their
co-dominance in Sectors 1 and 2 (sectors as outlined
in Fig. 1), (2) the persistence of adult and juvenile
Rhizophora apiculata Bl. in Sector 3, and (3) the
 possibility of mangrove vegetation becoming domi-

nated by Bruguiera species in the Galle-Unawatuna
area.

Since both natural and anthropogenic influences
can alter the structure and extent of mangrove cover,
these forests must be assessed periodically for areal
estimations and forest loss/expansion (Souza Filho et
al. 2006, Berger et al. 2008). With the availability of
suitable remote sensing technologies to explain such
changes in mangrove forests, the objective of the
present study was to test the above predictions made
10 yr ago.

MATERIALS AND METHODS

Study area

The sheltered mangroves at Galle-Unawatuna
cover nearly 1.5 km2 (06° 01’ N, 80° 14’ E) and are sit-
uated 600 m from the Indian Ocean at the southern
end of Sri Lanka (Fig. 1). Jayatissa et al. (2002)
reported 10 mangrove species and 13 mangrove-
associated species for southern Sri Lanka with ‘com-
mon’ to ‘very common’ frequency, based on total
abundance. Among others, Rhizophora apiculata,
Excoecaria agallocha, Bruguiera gymnorrhiza, and
B. sexangula (Lour) Poir., along with mangrove-asso-
ciates such as Acanthus ilicifolius L., Acrostichum
aureum L., Clerodendron inerme (L.) Gaertn., and
Dolichandrone spathacea (L.F.) K. Schum. are abun-
dant in Galle-Unawatuna. Although tidal water
enters into this mangrove area through the Thalpe
Ela and Galu Ganga Rivers, there is no daily tidal
inundation due to dam and road (access to dam) con-
struction (1985) in the vicinity. However, even on the
seaward side of the dam, the tidal influence is
extremely small (a few decimeters). Some major veg-
etation shifts along with changes in the physico-
chemical conditions of the water have been reported
after the above-mentioned physical infrastructure
developments (Dahdouh-Guebas et al. 2000, Mulder
2005). Nevertheless, the monthly water level obser-
vations between 1985 and 1999 have also revealed
that there have only been 2 flooding months (1.1%
of the months) since the dam was built (Dahdouh-
Guebas et al. 2011). The dust from a cement factory
(Ruhunu Cement Company) was also observed on
some mangrove patches in the same area. The cli-
mate is generally hot and humid with the precipita-
tion characterized by wide seasonal and regional
variations. The monsoon season in the southwest of
Sri Lanka lasts from May to November, with intense
rainfall during this time period.
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Ground-truth data collection

Based on the degree and direction of vegetation
change, Dahdouh-Guebas et al. (2000) divided the
Galle-Unawatuna mangrove area into 4 sectors as
outlined in Fig. 1. However, we have now included
one more area close to the dam in the south as Sec-
tor 5 for better vegetation structure analysis and in-
terpretation. In each sector, the sampling technique
(i.e. the point-centred quarter method, PCQM; Cin-
tron & Schaeffer Novelli 1984) was the same as that
used by Dahdouh-Guebas et al. (2000) for estimating
various forest structural parameters, such as density
(stems 0.1 ha−1), basal area (m2 0.1 ha−1), relative den-
sity (%), relative dominance (%), relative frequency
(%), and Importance Value (IV) (sum of relative den-
sity, dominance and frequency). PCQM is efficient for
covering large areas and sampling diverse vegetation
with minimal understory damage (Dahdouh-Guebas
& Koedam 2006b). The sampling was carried out

along transects (Fig. 1), at sampling
points established at 10 m intervals. In
total, our study included 201 sampling
points, and incorporated an additional
171 sampling points from 10 yr ago
(Dahdouh-Guebas et al. 2000). Each
sampling point was subdivided into
4 quadrants (i.e. a quarter of the plane
in which the sampling point was
 located, with the sampling point in the
center of the 4 quarters). In each quad-
rant, the distance from the  sampling
point to the nearest tree, the tree diam-
eter at a height of 130 cm measured
along the stem (D130, formerly referred
to as the diameter at breast height,
DBH), and the height of the sampled
tree were measured. Taking into ac-
count the suggestions offered by
 Dahdouh-Guebas & Koe dam (2006b),
both distance and D130 were measured
with the help of measuring tape (5 mm
accuracy), and the tree height was
measured using a hypso meter (Su-
unto™). The coconut palm Cocos nuci -
fera L. was also re corded if present in
any quadrat along the PCQM transect
line. The complexity index (CI) of man-
groves in each sector was computed
following Holdridge et al. (1971) using
the formula: (No. of species) × (Stand
density) × (Stand basal area) × (Mean
tree height) × 10−3.

Eleven transects encompassing 201 sampling
points were spread across the whole forest (Sector 2:
5 transects; Sector 3: 2 transects; Sector 4: 1 transect;
Sector 5: 3 transects) (July to August 2004), while
Sector 1 was unexplored due to reported hostility
from illegal arrack (local liquor) distillers. However,
several (random) ground checks were made to
record the mangrove species composition and distri-
bution in various pockets of Sector 1. Moreover, the
results already available from this sector (see Dah-
douh-Guebas et al. 2000) were considered for pre-
sent study/data interpretation as far as canopy vege-
tation was concerned. In each transect, both adult
and young trees were estimated separately (divisions
based on Kairo et al. 2002). The mangrove juveniles
(fallen propagules and saplings with 3 leaf pairs or
less) were counted within 1 × 1 m2 plots at each sam-
pling point. The definitions for juvenile, young and
adult trees correspond to particular stages in distrib-
ution and survival. Juveniles represent a possibility
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Fig. 1. Pan-sharpened IKONOS satellite image showing mangroves at Galle-
Unawatuna on the Sri Lankan south coast. The study area was divided into
5 sectors (numbered in white circles) and fieldwork was conducted along 

transects (white lines) applying the point-centred quarter method
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for a species to reach a particular location through
simple fall and/or hydrochory (cf. Di Nitto et al.
2008), young trees represent survival from propagule
predation (Bosire et al. 2005, Cannicci et al. 2008),
and adult trees represent survival from unfavorable
environmental conditions (Cannicci et al. 2008,
Krauss et al. 2008). The taxonomic identification of
mangroves is based on the nomenclature suggested
by Tomlinson (1986). A global positioning system
(Garmin GPS III) was used for navigation and ground
checks during the fieldwork.

Environmental parameters such as temperature
(°C), light intensity (lux), relative humidity (%), salin-
ity (‰), and land/water ratio (% land) were measured
at each sampling point along the transects. The light
intensity was measured using a Luxtron lux meter
(LX150, Fisher Scientific), while both temperature
and relative humidity were recorded with the help of
a digital Max-Min Thermometer-Hygrometer (Fisher
Scientific). A hand refractometer (Atago, S/Mill-E)
was used for measuring salinity (accuracy: ± 1‰). For
the land to water ratio, the area occupied by land as
opposed to water was estimated visually in the 5 ×
5 m2 plot closest to the sampling point in each quad-
rant and was expressed as percentage land cover.
This level hardly changed during the fieldwork, but
is known to change after heavy rainfall or changes in
the level of the river (see Dahdouh-Guebas et al.
2011).

VHR remote sensing data

Mangrove vegetation maps based on the 1956,
1974 and 1994 aerial photographs of Galle-
Unawatuna were adopted from Dahdouh-Guebas et
al. (2000), and reproduced in color for clear change
detection (ArcGIS v.9.3). The recent decadal
changes between 1994 and 2004 in the forest were
analyzed using the pan-sharpened multispectral
IKONOS VHR satellite imagery (spatial resolution:
1 m) acquired on 20 February 2004. The geometric
correction of this satellite image was carried out
using 29 well spread ground control points (GCPs)
covering clearly recognizable features, such as the
ce ment factory, the dam, and road junctions,
recorded with our GPS in the field. We adapted the
procedures for image analysis from Neukermans et
al. (2008) as described below. After geometric cor-
rection (root mean square [RMS] error: 0.682), the
exclusive mangrove area of Galle-Unawatuna was
extracted by masking the other features for better
classification accuracy (using ERDAS imagine v.8.5).

Within the mangrove forest, various vegetation
classes were delineated through training sites (based
on experienced field knowledge), and supervised
classification applying the maximum likelihood
decision rule (Wang et al. 2004a) was performed.
However, in some cases there were 2 classes that
represented the same dominant species (e.g. Bru -
guiera and Rhizophora) due to prevailing mixed
vegetation patches. The accuracy was checked by
means of an error matrix (e.g. Congalton 1991),
comparing the results of the classified image with
ground-truth (PCQM) data, which has been effec-
tive in previous combinatory investigations (Neuk-
ermans et al. 2008). Moreover, various vegetation
types, such as pure stands as well as mixed combi-
nations of Bruguiera, Excoecaria and/or Rhizophora
spp., were digitized on-screen and converted into
vector- and grid-based maps for comparing individ-
ual species’ groupings between 2004 and 1994. The
area statistics for each mangrove class (in percent-
age cover) were estimated based on Neu kermans
et al. (2008) using the formula: (Histogram value ×
Pixel size (m2))/106.

Vegetation structure analysis

Firstly, a land-use and cover map of Galle-
Unawatuna for 2004 was produced and statistics for
each dominant mangrove species were derived
(ArcGIS v.9.3). Secondly, the species’ distributional
maps of 1994 and 2004 were compared both qua -
litatively and quantitatively. Finally, the species−
environment relationship was established through
canonical correspondence analysis (CCA) (CANOCO
for Windows v.4.5) (ter Braak & Smilauer 2002).

RESULTS

Current mangrove distribution

Based on the adult tree structural attributes, Sec-
tors 2, 3, 4 and 5 were dominated by Excoecaria agal-
locha, Rhizophora apiculata, Bruguiera gymnorrhiza,
and B. sexangula, respectively (Table 1). However,
the young vegetation layer was largely dominated by
Bruguiera spp. irrespective of the sector and of the
adult tree dominance, except for Sector 5 where
R. apiculata was dominant (Table 2). In terms of for-
est development, the mangroves were found to be
structurally complex (9.9 to 10.6) (Table 1), except in
Sector 2 (5.7).
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Mangrove mapping

The land-use and cover classifica-
tion of Galle-Unawatuna mangroves
based on IKONOS satellite imagery
confirmed the prevalence of Excoe -
caria agallocha and Bruguiera gym-
norrhiza in the landward Sectors 1
and 2 (Fig. 2), whereas Rhizophora
apiculata retained dominance on the
river banks. R. apiculata and Bru -
guiera spp. were abundant in Sectors
3 and 4, respectively. Sector 5 had
mixed vege tation including B. gym-
norrhiza, E. agallocha and R. apicu-
lata. Overall, R. apiculata was the
adult dominant species occupying
42% of the total forest followed by
E. agallocha (18%) and B. gymnor-
rhiza (9%). The accuracy of the classi-
fication was 62.5%, and the tau coeffi-
cient indicated 52% correct allocation
of the pixels (Table 3).

Mangrove decadal changes

The major changes between 1994
and 2004 were transitions within the
mixed mangrove assemblages (Fig. 3,
Table 4). New classes delineated on
the 2004 satellite imagery included a
pure stand of Bruguiera gymnorrhiza
(Sectors 1 and 4), a combination of
Rhizophora apiculata and B. gymnor-
rhiza (Sector 2), and a combination
of Excoecaria agallocha, R. apiculata
and B. gymnorrhiza (Sectors 1 and 2).
The images also indicated that the
combination of Bruguiera spp. and
E. agallocha in Sector 1 reported 10 yr
ago is now dominated by B. gymnor-
rhiza. Moreover, the combination of
R. apiculata and E. agallocha in 1994,
mostly within Sectors 2 and 5, is pre -
sently merged with B. gymnorrhiza.
This shows the emerging growth of
B. gymnorrhiza, with an increase in
mean height from 1.95 to 5.8 m, and
dynamic shifts in young/adult vegeta-
tion occurring in only 10 yr (Tables 1
& 2). Though much of the area con-
taining R. apiculata in Sectors 1 and 2
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in 1994 is now co-dominated by E. agallocha, the
former species is still omnipresent (constituting
28% of the total forest) followed by E. agallocha
(18%) and B. gymnorrhiza (14%) (Table 4). The
interchanging dominance of R. apiculata and
E. agallocha was also observed over the previous
decades (1956 to 2004) (Fig. 3). There has also
been a steady decrease in Cocos nucifera follow-
ing invasion by mangroves (Table 4).

Species−environment relationship

In the CCA (Fig. 4), ordination axes included
environmental parameters to explain the vari-
ance in adult and young mangrove species data.
The recor ded values (range, mean ± SD) for each
environmental parameter were as follows: salin-
ity 2.7 to 15.3‰ (7.2 ± 3.1), temperature 26.9 to
36.7°C (31.4 ± 2.5), relative humidity 78 to 89%
(85 ± 2.8), light intensity 132 to 41 800 lux (7623 ±
11 869), and percentage land 7.5 to 100% (53.3 ±
27.9). Axis 1 (eigenvalue: 0.04) ex plained up
to 52% of the variance between species and
the environmental parameters tested (root-
 transformed data), whereas Axis 2 (eigenvalue:
0.02) ex plained 22% (Fig. 4). The only variable
associated with the positive side of Axes 1 and 2
was salinity influencing the distribution of
Rhizo phora apiculata (p = 0.05, F-ratio = 2.39),
while the others did not have any significant role
(p > 0.3) in explaining the variance in species
composition.

DISCUSSION

Factors affecting mangrove distribution

The loss and expansion of mangroves between
1956 and 1994 in Galle-Unawatuna have been
linked to human activities, such as coconut plan-
tation and land reclamation (Dahdouh-Guebas
et al. 2000, 2005a). Dahdouh-Guebas et al.
(2000) also concluded that the mangroves here
have undergone major dynamic shifts due to
both direct (e.g. forest destruction) and indirect
(e.g. physical infrastructure developments) an -
thropogenic events. During the process of trans-
formation, some species have lost ground to
other species and vice versa. This pattern of
mangrove distribution is described as a ‘moving
mosaic’. In Galle-Unawatuna, the forest is also
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characterized by an irregular topography created by
the mangrove mud lobster (see Dahdouh-Guebas et
al. 2000, 2011). In the present study, the loss of man-
grove cover (4.1 ha) between 1994 and 2004 is
largely due to fuelwood collection (Mulder 2005).
Sector 2, which has a low structural complexity, has
also exhibited major changes between 1974 and
1994, with explosive dispersal of Excoecaria agal-
locha (Dahdouh-Guebas et al. 2000).

Since most of the environmental parameters tes -
ted in this study vary daily with weather conditions
(and daily tidal inundation is absent), our short-
term (about 2 mo) observations were not able to
reveal their impact on local mangrove distribution,
except salinity for Rhizophora apiculata. Similar
observations were made by Dahdouh-Guebas et al.
(2002) in their ordination analysis of disturbed/
undisturbed mangrove forests in Kenya and Sri
Lanka.

Mangrove classification and area
statistics

Although higher resolution may
complicate the process of image clas-
sification, it is still advantageous for
species-level identification and map-
ping (Satyanarayana et al. 2011). In
the present study, the accuracy of our
supervised classification was only
62.5% (Fig. 2), owing to the similar
leaf reflectance of Rhizophora apicu-
lata and Bruguiera gymnorrhiza. We
also recall the difficulties arising
from VHR imagery, as single trees
tend not to be represented by one but
by hundreds of pixels denoting differ-
ent sections of the canopy (Dahdouh-
Guebas et al. 2005a). On the other
hand, for mapping of coastal habitats
such as coral reefs, seagrasses and
mangrove/non-mangrove areas, 60 to
80% accuracy is reasonable (Mumby
et al. 1999).

However, the disparities in area sta-
tistics between supervised classifica-
tion (Fig. 2) and the digitized vegeta-
tion map (Fig. 3) are understandable
since the remote sensing data only
represent canopy (see also Dahdouh-
Guebas et al. 2004). Even though
some species are densely populated
on the ground, for example Excoeca -
ria agallocha (mean height: 6.1 m) in

 Sector 2, they are overshadowed by tall neighboring
trees such as Rhizophora apiculata (mean height:
8.5 m). Therefore, the area covered by R. apiculata in
the supervised classification (42%) is overestimated
in comparison with the vegetation map (28%); and
similarly, E. agallocha was underestimated (only
18% instead of 48% contribution together with
Bruguiera gymnorrhiza and R. apiculata). The exclu-
sive abundance of Bruguiera spp. (mean height:
5.8 m) was also underestimated (9%) in the super-
vised classification, due to the similar leaf reflectance
of R. apiculata, which was already overestimated.

It must be noted that the area statistics derived
from supervised classification can vary in their accu-
racy. Despite the ability of IKONOS images to pro-
vide higher classification accuracies for mangroves
(Table 5), the homogeneous and/or heterogeneous
criterion of the forest is still important for achieving
good results (Evans et al. 2002, Wang et al. 2004a).
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Fig. 2. Classified map of the Galle-Unawatuna mangroves based on pan-sharp-
ened IKONOS satellite imagery (20 February 2004). Two classes each of Bru -
guiera and Rhizophora with a different spectral signature were detected on the
image (and are shown as such here), but without marked differences in the field
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Perhaps image-processing techniques (with refer-
ence to IKONOS), such as integrated pixel- and
object-based classification (Wang et al. 2004a) and
inclusion of spatial texture as extra band (Wang et al.
2004b), might be useful for improving the classifica-
tion accuracy of heterogeneous mangrove stands
similar to Galle-Unawatuna.

Testing mangrove predictions

The assessment of mangroves through studying
the spatio-temporal dynamics of land-use and cover
patterns in the coastal zone is promising (Dahdouh-
Guebas et al. 2004, Hernández-Cornejo et al. 2005).
Although there is an enormous potential for integration
of transdisciplinary data (Dahdouh-Guebas & Koedam
2008), the integration of data on vegetation structure

dynamics from different moments in time has become
almost entirely dependent on remote sensing.

The present study also discovered persisting man-
groves dominated by Excoecaria agallocha and Rhi-
zophora apiculata as adult vegetation (symbols �
and � in Fig. 3), and Bruguiera gymnorrhiza as
young vegetation (symbols � and � in Fig. 3) in Sec-
tors 2 and 3, which were comparable in 1994 and
2004. Prediction 1 in the Introduction predicted the
transition of an E. agallocha forest into a B. gymnor-
rhiza- dominated one or at least their co-dominance
in Sectors 1 and 2. However, the present results show
that B. gymnorrhiza is still young in Sector 2 (symbol
� in Fig. 3), and suggest that the gap of 10 yr (in con-
trast to the 18 to 20 yr intervals used by Dahdouh-
Guebas et al. 2000) is not adequate to witness adult
tree turnover here. Although confirming in part the
earlier prediction for R. apiculata (with fewer num-

bers of Bru guiera spp., symbol � in
Fig. 3) in Sector 3 (prediction 2 in the
Introduction), the present study also
revealed the abundance of B. gym-
norrhiza as young and juvenile vege-
tation here. In general, the growth
and survival of young trees/juveniles
are dependent upon several environ-
mental and an thro pogenic factors that
re quire continuous monitoring (Can-
nicci et al. 2008, Krauss et al. 2008).
Though R. apiculata was abundant as
juvenile vegetation in 1994 (symbols
� and 	 in Fig. 3), only B. gymnor-
rhiza has survived and reached the
young vegetation stage in 2004. This
is indicative of the death of Rhizo -
phora pro pagules before they reach

Classification Reference data User’s Errors of 
data Bruguiera Excoecaria Rhizophora Vegetation Open Row accuracy commission

gymnorrhiza agallocha apiculata with cement area total (%) (%)
dust

Bruguiera gymnorrhiza 15.60 6.80 16.25 0 0 38.65 40.36 59.64
Excoecaria agallocha 6.40 19.10 8.10 0 0 33.60 56.84 43.16
Rhizophora apiculata 2.80 6.25 45.10 0 0 54.15 83.29 16.71
Vegetation with cement dust 9.10 10.35 30.50 30.50 0 49.95 61.06 38.94
Open area 0 0 0 0 0 0 0 0
Column total 33.90 42.50 99.95 0 0 176.35

Producer’s accuracy (%) 46.02 44.94 45.12 30.50 0
Errors of omission (%) 53.98 55.06 54.88 69.50 0
Overall accuracy (%) 62.55
Kappa coefficient 0.37
Tau coefficient 0.52

Table 3. Error matrix based on the (2004) supervised classification of Galle-Unawatuna mangroves and ground-truth data

Vegetation class 1956 1974 1994 2004

Rhizophora apiculata 21.7 20.0 20.3 13.9
Excoecaria agallocha 7.8 5.0 18.4 8.7
Bruguiera gymnorrhiza – – – 7.1
E. agallocha + Bruguiera spp. 11.7 9.4 6.3 –
E. agallocha + Rhizophora spp. 6.7 15.1 8.6 10.4
R. apiculata + B. gymnorrhiza – – – 1.0
E. agallocha + R. apiculata + B. gymnorrhiza – – – 5.2
Mangrove vegetation with cement dust – – a–a 3.2
Total mangrove cover 47.9 49.5 53.6 49.5
Cocos nucifera 25.1 19.4 12.1 2.3
Water 11.8 11.3 15.4 14.9

aAlready present in 1994, but not classified as such

Table 4. Area (ha) covered by the canopy mangrove vegetation classes in
Galle-Unawatuna between 1956 and 1994 (adapted from Dahdouh-Guebas et 

al. 2000) and 2004 (present study)
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the young tree stage, resulting in part from propag-
ule predation (Dahdouh-Guebas et al. 2011).
Although the young B. gymnorrhiza trees have not
yet passed the stage of surviving unfavorable envi-
ronmental conditions, this species may supersede E.

agallocha in both Sectors 1 and 2. The transition to a
B. gymnorrhiza-dominated patch is also a possibility
in Sector 3. Sectors 4 and 5 are already dominated by
B. gymnorrhiza and R. apiculata respectively, and
this trend may continue with no major transitions in
the near future (Fig. 3). Viewing the present dynamic
shifts and sheer dominance as young vegetation by
B. gymnorrhiza in most sectors (Table 2, Fig. 3), it is
still possible to conclude in a general way that the
mangroves are dominated by this species (prediction
3 in the Introduction), which validates the predictions
made 10 yr ago.

In the past, major portions of the mangroves in
Galle-Unawatuna became dominated by Excoecaria
agallocha (Dahdouh-Guebas et al. 2000). Ecologi-
cally, the newly evidenced and newly predicted tran-
sition towards Bruguiera-dominated mangroves is
better for a ‘mangrove’ forest, since B. gymnorrhiza
and other representatives of the family Rhizo -
phoraceae are considered as true mangroves, valu-
able and highly functional (Dahdouh-Guebas et
al. 2005a,b, Walters et al. 2008). The endurance of
Bruguiera might be due to the mid-intertidal areas
that it colonizes (Krauss & Allen 2003), with poor
marine and freshwater exchange after dam construc-
tion. Also, E. agallocha is a disturbance-resistant spe-
cies (Tomlinson 1986), and indicative of terrestrial-
ization, particularly in Sri Lanka (Dahdouh-Guebas
et al. 2000, 2005a). There also exists a strong correla-
tion between the number of crab and mud lobster
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Fig. 4. Canonical correspondence analysis showing the bi-
plot of the species−environment relationship for mangroves
(B: Bru guiera; E: Excoecaria; R: Rhizophora) (data collected
from 62 sample points was used). The percentages of vari-
ance of the species−environment relationship on Axes 1 and 

2 are 52% and 22%, respectively

Study area and mangroves mapped Techniques used Classification Source
accuracy (%)

Punta Geleta (Panama)
Avicennia germinans MLC (MSS + PAN) 88.9 Wang et al. (2004a)
Laguncularia racemosa NN (MSS + PAN) 80.4
Rhizophora mangle MLCNN (MSS + PAN) 91.4
Avicennia germinans MLC (MSS) 75.3 Wang et al. (2004b)
Laguncularia racemosa MLC (MSS + PAN) 75.5
Rhizophora mangle OBC (MSS + PAN + texture) 73

Pambala (Sri Lanka)
Avicennia officinalis Visual – Dahdouh-Guebas et al. (2005b)
Bruguiera gymnorrhiza interpretation
Excoecaria agallocha
Lumnitzera racemosa
Rhizophora apiculata
Rhizophora mucronata

Agua Brava Lagoon (Mexican Pacific)
Lumnitzera racemosa Aggregation of – Kovacs et al. (2005)
Rhizophora mangle LAI values

Table 5. Studies using IKONOS data for mangrove species-level classification/interpretation. MLC: maximum likelihood clas-
sification; MSS: multispectral sensor image; PAN: panchromatic image; NN: nearest neighborhood; MLCNN: integrated MLC 

and NN; OBC: object-based classification; LAI: leaf area index
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burrows and the percentage land, as well as a strong
interaction with propagule predation (Cannicci et
al. 2008, Dahdouh-Guebas et al. 2011), which may
further shape the vegetation structure and the
 dominance of the forest. In addition, there is a newly
constructed highway (Matara−Colombo highway)
behind the mangroves for which an access road from
Galle (running across some freshwater inlets on the
northern boundary) is under construction. This is also
presumed to affect the hydrology of the mangrove
waterways and ultimately the expected future trends
of change.

CONCLUSIONS AND RECOMMENDATIONS

Validation of earlier predictions is a challenging
but significant contribution to ecological research.
Here we recall that Dahdouh-Guebas et al. (2000)
predicted the transition of an Excoecaria agallocha
forest into a Bruguiera gymnorrhiza-dominated one
or at least their co-dominance in Sectors 1 and 2; con-
tinued dominance of Rhizophora apiculata in Sector
3; and in the future, the possibility of Bruguiera-
 dominated forest at Galle-Unawatuna. The present
study has validated most of these forecasts and found
that both E. agallocha and R. apiculata continue to be
dominant in Sectors 2 and 3, although the replace-
ment with adult B. gymnorrhiza (in Sector 2) has not
yet occurred, probably due to the small time interval
between the 2 investigations. The emerging growth
of B. gymnorrhiza along with its dynamic shifts in
young/adult vegetation does, however, support the
earlier forecast that a major portion of this mangrove
forest will become dominated by Bruguiera spp. in
the near future. This makes our Galle-Unawatuna
study site probably the world’s most dynamic man-
grove forest in terms of ground species (and with
time ever more canopy species) turnover, displaying
a new mosaic every 10 to 20 yr.

Since the mangroves at Galle-Unawatuna are sur-
rounded by rural and urban settlements, many peo-
ple depend on their resources, especially in terms of
fishing and wood supply. Considering the influence
of both natural and human-influenced biotic and abi-
otic factors on mangrove species distribution, growth
and survival, the formulated predictions of future
vegetation structure and observed vegetation dyna -
mics may alter the course of development. According
to Dahdouh-Guebas et al. (2000, 2005a) and Mulder
(2005), the 3 major physical infrastructure develop-
ments, i.e. the cement factory, dam and road, have
started showing their negative impacts in the Galle-

Unawatuna area, beginning with water quality de -
terioration, and leading to dynamic changes in
 mangrove vegetation and impacts on biological pro-
ductivity. Effects of hydrological changes (e.g. fresh-
water diversion, reduced tidal water exchange, accu-
mulation of domestic/industrial sewage in mangrove
waterways) on mangrove species distribution have
also been reported elsewhere (e.g. Benfield et al.
2005, Mohamed et al. 2009, Bartolini et al. 2011,
Cunha-Lignon et al. 2011). In this case, periodic
opening of the dam gate is advisable to allow the
ecological and economic benefits of this ecosystem to
continue with minimal long-term effects. The domi-
nance of Rhizophora apiculata and Excoecaria agal-
locha has changed over the decades (1956 to 1974 to
1994 to 2004), and the spatial distribution of mixed
and monospecific mangrove stands could be linked
to the ‘moving mosaic’ nature of these patches char-
acteristically seen in this area.

Although several aspects of mangrove ecology,
function and management are often discussed in the
scientific literature, studies validating the ecosystem
changes on a long-term basis are still limited. There-
fore we also recommend that similar investigations
be carried out in other mangrove areas for their effi-
cient monitoring and management. The evident next
step in our research approach is the use of individ-
ual-based modeling such as KiWi (e.g. Berger &
Hildenbrandt 2000, Berger et al. 2004, 2006, 2008) to
both hindcast and forecast forest development while
having at hand the very high resolution, long-term
ground-truth data to validate the models.
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