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Abstract. Although wind has been recognized to be an 
important factor in the dispersal of hydrochorous man­
grove propagules, and hence in the quantification of 
(meta)population dynamics, the species-specific sensitivity 
to wind effects has not been studied. We combined obser­
vations from a controlled experiment (flume tank) and in situ 
experiments to understand wind and water current contribu­
tions to dispersal potential as well as to estimate real disper­
sal ranges due to immediate response to tidal currents (two 
outgoing tides). This was done for 4 species with propagules 
differing in morphological and buoyancy properties (i.e. Rhi­
zophora mucronata. Ceriops tagal, Heritiera littoralis and 
Xylocarpus granatum). The flume experiments revealed that 
the influence of wind depends on the density of a propagule 
(and hence its buoyancy characteristics) and that typical mor­
phological characteristics of the dispersal unit are addition­
ally important. H. littoralis propagules were influenced most, 
because on the one hand their low density (613.58gL_1; 
n =  10) enables them to float on top of the water surface, and 
on the other hand their “sailboat-like” structure provides a 
relatively large surface area. The X. granatum fruits appeared 
to be the least influenced by ambient wind conditions, ex­
plained by the smooth surface and spherical shape of which, 
because of the fruit’s high density (890.05 g L_1; n = 1), only 
a small part sticks above the water surface. Although the 
seeds of X. granatum are of a similar size class than H. 
littoralis propagules, they are (like the X. granatum fruits) 
largely submerged due to their high density (870.66 g L _1; 
n = 8), hence catching less wind than H. littoralis propag­

ules. The influence of wind on the dispersal of the horizon­
tally floating C. tagal and R. mucronata dispersal units was 
strong, comparable to that of H. littoralis propagules. A dif­
ferential effect of wind was found within elongated propag­
ules, which directly follows from the floating orientation of 
the propagules. While the dispersal path of vertically float­
ing propagules was influenced by the strength and direction 
of the water currents and to a lesser extent by ambient wind 
conditions, the dispersal path of horizontally floating propag­
ules was influenced by both strength and direction of the 
water currents and prevailing wind forces. To validate the 
flume results, propagules of C. tagal and R. mucronata were 
released during outgoing tide in a tidal creek in Gazi Bay 
(Kenya), followed by observation of their dispersal distance 
and direction, while knowing the actual dominant wind di­
rection. In line with the flume results, this study showed that 
wind plays an important role in the dispersal distance of the 
propagules. The present study provides important mechanis­
tic insight into the effect of wind on hydrochorous mangrove 
propagule dispersal, thereby yielding an essential step to­
wards the construction and optimization of (particle-based) 
hydrodynamic dispersal models.

1 Introduction

A series of publications have stressed the importance of 
dispersal in the evolution of plant population structure 
and composition (e.g. Duke et al., 1998: Cain et al., 2000:
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Nathan and Muller-Landau, 2000; Bowne and Bowers, 
2004; Caswell et al., 2003; Nathan et al., 2003; Clobert et 
al., 2012), where other reports emphasized the fundamental 
need to study long-distance dispersal as a crucial mechanism 
for understanding and predicting the adaptability of species 
to cope with environmental and climate change (e.g. Pitelka 
et al., 1997; Higgins and Richardson, 1999; Nathan, 2001; 
Johst et al., 2002; Doyle et al., 2003). The spatial distribution 
of mangroves on a regional and global scale has been studied 
extensively (e.g. Ridley, 1930; van der Pijl, 1969; Duke et al., 
1998), and the determining role of dispersal in spatiotempo- 
ral changes of species distribution is a well-endorsed subject 
(Skellam, 1951; Duke, 1992; Clarke et al., 2001; Sousa et al., 
2007). Some authors used marked propagules (i.e. dispersal 
units) to investigate dispersal distances (Yamashiro, 1961; 
Komiyama et al., 1992; Clarke, 1993; McGuinness, 1997; 
Breitfuss et al., 2003; Sousa et al., 2007; De Ryck et al.,
2012). Though most propagules were found to disperse 
over only short distances (up to tens of meters), some 
propagules dispersed over extensive ranges. Clarke (1993), 
for example, recovered 3 Avicennia marina propagules at 
more than 10 km and 1 propagule at more than 50 km. For 
Rhizophora mucronata, Komiyama et al. (1992) found a 
maximum dispersal distance of 1210 m. Nevertheless, the 
dynamics and controlling factors of mangrove propagule 
dispersal have remained understudied, mostly due to the 
difficulty of the quantification of (long-distance) dispersal 
(Nathan, 2001). Such knowledge is, however, essential in 
defining realistic dispersal kernels and improving existing 
dispersal models, and thus for predicting the dispersal 
route of mangrove propagules. This knowledge may in turn 
improve the success of future restoration projects.

Mangrove propagules are hydrochorous, meaning that 
the hydrodynamics of tides and (ocean) currents constitute 
the dominant dispersal vector. Dispersal dynamics are fur­
ther defined by the characteristics of the propagule itself, 
such as buoyancy, longevity and morphology (Tomlinson, 
1994; Clarke and Myerscough, 1991; Clarke et al., 2001; 
Drexler, 2001; Allen and Krauss, 2006). Recently, Di Nitto 
et al. (2013) used a finite-volume advection-diffusion model 
to investigate the effect of these variables on the fate of 
dispersing propagules of the mangrove species Rhizophora 
mucronata Lamk., R. apiculata BL., Ceriops tagal (Perr.) 
C. B. Robinson and Avicennia officinalis L. in the Pambala- 
Chilaw Lagoon Complex (Sri Lanka). Until present, the 
study of Di Nitto et al. (2013) presents the only model that 
investigates mangrove propagule dispersal based on hydro­
dynamics and including trapping agents (retention by veg­
etation). Di Nitto et al. (2013) found that wind has a sig­
nificant influence on the final distribution pattern of man­
grove propagules, using a wind drag function of 3 % wind 
speed on the surface currents in the model she applied. 
However, wind-induced dispersal was imposed uniformly on 
all species as a hydrodynamic component (Di Nitto et al.,
2013) and consequently, though recognized to be important,

species-specific differential behavior was not taken into ac­
count.

The role of prevailing wind conditions generally received 
only minor attention in existing hydrochorous dispersal stud­
ies, but those studies that are available point at the potential 
importance of species-specific effects. For example, for a set 
of non-mangrove seeds it was shown that seed transport and 
sorting by hydrochoiy is strongly influenced by wind, de­
pending on the seed density and shape (Chambert and James, 
2009). Stieglitz and Ridd (2001) investigated the dispersal of 
buoyant propagules of R. stylosa Griff., Bruguiera gymnor­
rhiza (L.) Lamk., Xylocarpus mekongensis Pierre and Heri­
tiera littoralis Dryand. in the Normanby River estuary (Aus­
tralia). Besides the main finding that the distribution of these 
propagules is characterized by a density-driven secondary 
circulation of water during the tropical dry season, wind­
generated waves or wind drift seemed to have a negligible 
influence on their drift path (Stieglitz and Ridd, 2001). That 
is, despite their distinct shapes and sizes, especially the ‘sail’ 
of H. littoralis, propagules which enhance wind-driven dis­
persal (Tomlinson, 1994), the dispersal path within the estu­
ary was found to be similar for all propagules (Stieglitz and 
Ridd, 2001).

This study aims at investigating the importance of morpho­
logical propagule traits and buoyancy behaviour in under­
standing the role of wind in hydrochorous mangrove propag­
ule dispersal. This was studied by determining the dispersal 
behaviour of propagules under different hydrodynamic and 
wind conditions, both in a flume tank (controlled conditions), 
as well as in the field (natural conditions). We hypothesized 
that the influence of wind will be more pronounced for: 
(i) propagules with lower density: (ii) propagules with high 
surface roughness: and (iii) horizontally floating propagules 
compared to vertically oriented ones, in the case of elongated 
dispersal units. The main goal of our field experiment was to 
investigate the frequency distribution of dispersal distances 
under natural conditions as a first rough validation of the 
flume results. Knowing the dominant wind direction at the 
moment of the in situ experiment, we were able to study the 
role of wind in determining the shape of the dispersal dis­
tance distribution. Additionally, a collaboration was set up 
with local fishermen to get an idea of which species and how 
many propagules reach the open sea (Indian Ocean), and thus 
potentially start a long-distance dispersal journey.

2 Methods

2.1 Studied species

The hydrochorous propagules of C. tagal, R. mucronata, 
H. littoralis and of X. granatum Koen. (the fruit as a whole, 
as well as the separate seeds) were considered in this study 
(see Table 1), and are representatives of the most common 
mangrove propagule morphological types worldwide, with
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Table 1. Propagule characteristics and dispersal speed under various hydrodynamic and wind conditions. All values x  10 2 m s F

Species H. littoralis X. granatum R. mucronata C. tagal

Morphology 
Floating orientation

ellipsoidal
H

angular/pyramidal
(-)

“cannonball”
(-)

elongated
horizontal

elongated
horizontal

elongated
vertical

Position relative 
to water surface 
(dotted line)

n
Run/propagule 
Mean length (cm) 
Mean mass (g)
Mean density (gL_1)

10
1

(-)
33.11 

613.58 ±27.94

8
1

(-)
46.80 

870.66 ±27.89

1
5

(-)
892.72
890.05

20
1

41.03 ±6.63 
65.70 ±16.39 
994.20 ± 9 .6 2 a

20
1

24.38 ±2.68 
8.25 ±1.76 

1001.80 ±8.47

20
1

24.69 ±2.21 
8.27 ±1.36 

1023.28 ±4.88

WIND

ew =  0>:10 2 m s 1 S/O 7.83 ±  1.45b 5.62 ±  1.24b 0.04bd 5.46 ±  1.53b 5.91 ±  1.20b 3.12 ±  1.52b

vw =  15>:10_2m s_b
N
S
O

15.99 ±0.63 
27.12 ±5.37

H

15.68 ±  1.27 
20.92 ±0.65 

(-)

14.99 ± 0 .6 8 c 
16.92 ± 0 .6 4 c 

(-)

15.02 ±  0.82b 
23.17 ±1.40 
9.35 ±  0.96b

15.78 ±0.79 
24.29 ±0.86 
9.88 ±0.82

15.70 ±0.41 
17.66 ±1.81 
13.77 ±1.51

ew =  30>:10_2m s_b
N
S
O

29.45 ±2.07 
38.10 ±2.06 
19.84 ±3.70

29.56 ±0.91 
33.91 ±1.06 
26.06 ±0.44

27.74 ± 1 .2 4 c 
29.66 ± 0 .9 2 c
26.74 ± 1 .4 3 b

28.29 ± 1 .6 3 c 
32.72 ±0.90 
22.84 ±2.66

29.86 ±1.26 
35.72 ±0.79 
26.98 ±1.32

30.03 ±0.58 
30.74 ±1.28 
28.70 ±1.04

A ll va lu es  a re  av erages over the d istan ce  ran g e  fro m  1 m  to 4 m , e x c lu d in g  the first and last m eter. ;i a IS: m ean  over 3rd m eter: c m ean  over 5th m eter: ( 1 p ro p ag u le , 1 run

the exception of Avicennia marina (Forsk.) Vierh. type of 
propagule. We chose these species because C. tagal and 
R. mucronata (both Rhizophoraceae) are widely present 
in our study area and have typical viviparous propagules. 
Vivipary means that the embryo protrudes first from the seed 
coat and then from the fruit, while still attached to the par­
ent tree (Tomlinson, 1994). The propagules of both these 
species are typically elongated (torpedo-shaped), of which 
C. tagal propagules are the smaller and more slender ones 
(Table 1). H. littoralis propagules (Sterculiaceae) were inter­
esting to study because of their distinctive morphology, with 
a raised (dorsal) sail (Tomlinson, 1994) and very low den­
sity. They have a hydrophobic, woody epicarp and a fibrous 
mesocarp (Tomlinson, 1994). We added the cannonball-like 
fruits (i.e. 5 to 20 seeds encapsulated in a woody pericarp) as 
well as the angular-shaped seeds of X. granatum (Meliaceae) 
to our study, since both fruits and seeds of this species can 
disperse in the mangrove habitat, with the trees often lining 
mangrove channels. This species selection allowed us to in­
vestigate the role of wind in the dispersal of two distinct mor­
phological groups of dispersal units: torpedo-shaped propag­
ules of C. tagal and R. mucronata vs. ellipsoidal and angular­
shaped dispersal units for the propagules of H. littoralis and 
the seeds of X. granatum, respectively (see Table 1).

2.2 Sample collection

Mature and healthy propagules of C. tagal, R. mucronata 
and X. granatum, were (randomly) picked from adult trees to 
avoid exposure to the osmotic effects of tidal water after ab­
scission. We consider propagules mature when (i) the cotyle­
don is bright reddish yellow (Ceriops) or brownish yellow 
(.Rhizophora) and/or (ii) the propagule readily sheds from the 
tree when shaken. Tastly, freshly fallen H. littoralis propag­
ules (seeds), were collected at neap tide under a parent tree 
in the high intertidal area.

The length, volume (using the water displacement method 
cf. Chave, 2005), mass and density of all propagules were 
measured and calculated before the start of the experiments. 
All propagules we used were checked for any damage that 
may modify surface roughness or significantly influence 
buoyancy behavior throughout the duration of the experi­
ments.

2.3 Flume study

The importance of floating orientation in the quantification of 
the contribution of wind in hydrochorous dispersal was ana­
lyzed in a flume setup, using 20 horizontally and 20 vertically 
floating C. tagal propagules. We did not consider vertically 
floating propagules of R. mucronata here, since the length of 
the propagules exceeded the depth of the flume tank, thereby
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Fig. 1. Schematic representation of (a) the racetrack flume (modified from Bouma et ah. 2005) and (b) a detailed depiction of the experimental 
flume section. (b) The position of the ventilator is indicated in dark grey (left: S-scenario; right: O-scenario). The wind flow direction 1 
represents the S-scenario (black arrows, numbers and text), where the O-scenario setup is shown as wind direction 2 (grey arrows, numbers 
and text). Dispersal time was measured at intervals of one meter (see dotted lines).

hampering vertical free flow. Furthermore, 20 horizontally 
floating R. mucronata propagules were used to look for dif­
ferences between the dispersal speed of the two viviparous 
mangrove species, as well as 10 seeds of H. littoralis, and 
one fruit (unopened) and 8 individual seeds (after opening of 
the fruit) of X. granatum as the more compact counterparts 
of the two viviparous species.

Various hydrodynamic and wind conditions for mangrove 
propagule dispersal were simulated in a 17.5m-long and 
O.Gm-wide (Fig. la) oval race track flume tank, which al­
lowed for uniform flow conditions. The flume was filled with 
seawater (salinity of 34 % o , temperature of 13.6 °C and a wa­
ter density of 1025.52 g L- 1 ) and the water depth in the flume 
was kept constant at 0.35 m. A uniform free flow current ve­
locity of 15 X IO-2 m s-1 and 30 x IO-2 m s-1 was gener­
ated with a conveyer belt. These velocities reflect natural wa­
ter flow velocities in the studied mangrove creek (see field 
study), i.e. the Kidogoweni Creek (Kitheka et al., 2003). By 
using a smooth flume bottom, the water velocity gradient is 
steep (i.e. high currents at the bed because of low roughness). 
This simulates deeper water, where the upper decimeter of 
the profile has uniform current velocities.

For the wind experiment, an industrial ventilator was in­
stalled on top of the flume to create a wind layer over the

water surface (Fig. lb). Current velocities in all wind scenar­
ios were calibrated to ensure water current velocities to be 
identical in all experimental scenarios (i.e. 15 x IO-2 m s-1 
and 30 x IO-2 m s '1). To ensure a constant wind speed, a 
test section of 5 m in front of the ventilator was covered 
with a plastic roof and tested for leakage over the whole 
length of the experimental setup. The mean wind speed was 
2.6 ±  0.13 m s- 1 , which is the average of 3 wind speed mea­
surements along the experimental setup (0 m, 2.5 m and 5 m). 
This wind speed was similar to the wind conditions at the 
moment of our field experiment (http://www.wunderground. 
com), and was measured using a velociCalc TSI anemometer 
(model 8384-M-GB). For both current velocities we applied 
an air flow in the same direction of the water flow (i.e., S- 
scenario), the opposite direction (i.e., O-scenario), as well as 
a scenario without wind (i.e., N-scenario) (Fig. 1).

Flow velocity measurements were taken before the start 
of each experiment by an Acoustic Doppler Velocimeter or 
ADV (Nortek AS, Oslo, Norway) placed on a 3D position­
ing system. The velocity data were stored using the Vectrino 
Plus Version 1.16 software programme (NIOZ, Yerseke, the 
Netherlands) connected with the ADV.

Propagules were consecutively released at location 0 m 
(Fig. lb) along the flume tank, through a small fist-sized hole
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in the plastic cover, and traveling times were recorded using 
a stopwatch after passing each meter marking (0 m to 5 m).

2.3.1 Data analysis of flume experiment

Mean dispersal velocities for each species were calculated 
using Matlab R2011b. To avoid perturbations in the veloc­
ity profile, due to the closeness to the ventilator for example, 
we excluded the first and last meter of the total experimental 
dispersal distance. For the R. mucronata propagules, only the 
3rd meter was considered, after investigating whether or not 
the propagule was in equilibrium with the acting water and 
wind forces, based on the propagule velocity profiles. Due to 
its significantly higher density compared to the other disper­
sal units (Table 1), the X. granatum fruit needed more time 
(or dispersal distance) to reach a stable velocity (equilibrium 
of forces). Therefore the dispersal velocity for this dispersing 
unit was calculated only over the 5th meter of the section for 
the N-scenario and S- scenario and over the 3rd meter in the 
case of the O-scenario. The latter was decided as being the 
most representative dispersal velocity in this specific case, 
enabling the fruit to reach equilibrium with the moving wa­
ter body, and precautionarily excluding possible instabilities 
(such as turbulent wind flow) in the last meter caused by the 
wind force acting in opposite direction.

2.4 Field study

The field study was conducted in the mangrove forest of Gazi 
Bay (39°30/ E, 4°26/ S), a shallow, tropical coastal-water 
system located about 46 km south of Mombasa (Fig. 2). 
The total mangrove forest area is about 6.5 km2, compris­
ing all 10 East African mangrove species: R. mucronata, 
C. tagal, A. marina (Forsk.) Vierh., Sonneratia alba J. 
Smith, B. gymnorrhiza, H. littoralis, X. granatum, Lum­
nitzera racemosa XJiïld., X. moluccensis (Lamk.) Roem, and 
Pemphis acidula Forst, (nomenclature according to Tom­
linson, 1994). The region is drained by two tidal creeks, 
Kidogoweni in the northwestern part and Kinondo in the 
eastern part. While Kidogoweni Creek receives freshwater 
from the Kidogoweni River, Kinondo Creek lacks a direct 
freshwater input (Kitheka, 1996, 1997). River discharge is 
important during the wet season and occasionally reaches 
up to 5.0 and 17.0m3s_1 for the Kidogoweni and Mku- 
rumuji Rivers, respectively (Kitheka, 1997). The bay expe­
riences semi-diurnal tides with a tidal range of about 3 m 
(Obura, 2001) and an ebb-dominant asymmetry (Kitheka, 
1996, 1997). From a (long-distance) dispersal perspective, it 
is crucial to note that the bay is open to the Indian Ocean 
through a relatively wide (3500 m) entrance in the south. 
Although a coral reef zone structurally separates the north­
ern end of the bay from the Indian Ocean, the reef has a 
series of narrow channels and only emerges at low spring 
tide (Kitheka, 1996). Annual rainfall in Kenya has a bimodal 
distribution: the “long rains’’, coinciding with the southeast

AN

Fig. 2. Schematic depiction of our study area (Gazi Bay), with an 
indication of the three locations at which propagules were dropped 
in our field experiment (LÍ to L3). The dotted contour represents the 
area where propagules were sought 12 h after having been released. 
The zones where local fishermen recovered propagules whilst fish­
ing are indicated with A, B and C. separated by bold dotted lines.

monsoon (late March-Jirly), and the “short rains’’, coinciding 
with the northeast monsoon (October-November) (Kenya 
Meteorological Department, Mombasa, Kenya). The wind is 
characterized by an eastern component and is predominantly 
onshore (Meteorological Department, 1964; EADAP, 1994).

On 27 February, 3 days after spring tide, three groups of 
200 C. tagal and 100 R. mucronata propagules were released 
at three different locations (LI, L2 and L3) along the Ki­
dogoweni Creek (Fig. 2), at the start of outgoing tide at LÍ 
and L2 and at less than one hour later at L3. The different 
numbers of C. tagal and R. mucronata propagules per site 
reflect availability in the field at the moment of propagule 
collection. LÍ and L2 are located in the center of the creek, 
whereas L3 is located 300 m offshore. In order to distin­
guish the propagules from each group and identify the orig­
inal dropping location at the end of the experiment, we used 
white (non-toxic) waterproof paint to encode all propagules 
with one, two or three stripes, respectively. The white marks 
also increased the visibility and thus the number of propag­
ules we found again after their release, especially in densely 
forested areas along the coastline (dark grey area within the 
dotted contour in Fig. 2) and in natural hydrodynamic traps 
where large amounts of organic material such as leaf litter ac­
cumulate. Furthermore, all propagules were given a number 
to facilitate easy processing of dispersal distance informa­
tion.

After a period of 12 h (two ebb tides since the start of the 
experiment), we walked the entire southern coastline, start­
ing 100 m upstream from dropping location LÍ and ending 
about 300 m south of the Mkurumuji river mouth (dotted 
contour in Fig. 2). The limits of this area are based on the 
absence of painted propagules upstream and downstream of 
this region, using a buffer of 100 m. We crossed the creek 
several times to screen parts of the eastern coastline, where
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no painted propagules were recovered. A Garmin GPSMAP 
62 was used to determine the geographical coordinates of the 
location for each found propagule. We repeated this search 
one week later.

2.4.1 Data analysis of field experiment

The dispersal distance d was calculated for each propagule 
using the spherical law of cosine and the obtained longitude- 
latitude data:

d =  arccos [sin(Ti) sin(y2) +  cos(yi) cos(y2) cos(Xi — X 2)] • R, (1)

with (X i, IT) and (X2 , Y2) the longitude and latitude of the 
stranding location and the dropping location, respectively, 
and R =  6 370000 m being the earth’s radius. Although this 
formula may underestimate the absolute dispersal distance of 
some propagules, ignoring the shape of the coastline and the 
creek ’s nonlinear shape (plan view), it yields a reliable proxy. 
Dispersal distance frequency plots were made subsequently 
for each dropping location separately.

2.5 Fishermen data

As a proxy for propagules that leave the system to the open 
ocean, and possibly start a long-distance dispersal journey, 
we asked local fishermen to keep a logbook. In this logbook 
they wrote down the amount of propagules they found in 
their nets, as well as the zone in which the recoveries were 
done. Three zones were delineated: within the bay (zone A), 
a transitional zone (zone B) and the Indian Ocean (zone C) 
(Fig. 1). However, observations were randomly gathered dur­
ing their fishing trips. Consequently, we do not know which 
zones were screened at which date. These data are therefore 
only a rough indication of long-distance dispersal.

3 Results 

3.1 Flume study

3.1.1 Inter-specific differential effect of wind

When no wind was added to the experimental setup, all 
propagules dispersed at almost the exact same speed as the 
water current (Fig. 3; Table 1). At the current speed of 
30 x  IO-2 m s-1 , only the dispersal speed of the horizon­
tal R. mucronata propagules (28.3 x  IO-2 m s-1 ) and the X. 
granatum fruit (27.7 x  IO-2 m s-1 ) was on average slightly 
below the current velocity. As a consequence, the mean speed 
of horizontal C. tagal propagules was 1.57 x  IO-2 m s-1 
higher than that of the horizontal R. mucronata dispersal 
units (i =  3.39, df =  38, p  =  0.002, n =  40). In general, for all 
species, the detailed velocity profile showed an acceleration 
phase, which was proportionally more pronounced depend­
ing on the density of the dispersing unit (data not shown).

Nevertheless, this phase was negligibly short in all cases and 
consequently hard to detect in resulting figures (Fig. 4).

When wind was added, both in the same direction and op­
posite to the water flow, horizontally floating C. tagal and R. 
mucronata propagules showed quasi identical dispersal ve­
locities, although C. tagal moved at a slightly higher speed in 
all cases using a 30 x  IO-2 m s-1 water flow velocity (Fig. 3, 
Table 1). The average speed of horizontal C. tagal propag­
ules was 3 x  IO-2 m s-1 and 4.14 x  IO-2 m s-1 higher than 
for horizontal R. mucronata propagules, under the S-scenario 
(i =  11.23, df =  38, p <  0.001, « =  20) and O-scenario 
(i =  6.24, df =  38, p <  0.001, « =  20), respectively. These 
differences were smaller when the water flow velocity was 
set at 15 x  IO-2 m s- 1 , where horizontal C. tagal propagules 
on average moved at a speed of 1 x  IO-2 m s-1 (S-scenario; 
t =  3.04, df =  38, p  =  0.004, « =  20) and 0.5 x  IO“ 2 m s“ 1 
(O-scenario; t =  1.89, df =  38, p  =  0.066, « =  20) faster than 
the horizontal R. mucronata counterparts.

Although the results of X. granatum seeds were very 
similar to those of horizontally floating C. tagal and R. 
mucronata propagules, the X. granatum fruit seems to 
be least influenced by prevailing wind forces, dispersing 
at 16.92 ±  0.64 x  IO-2 m s-1 under the S-scenario and at 
15 x  IO-2 m s-1 current velocity. For 30 x  IO-2 m s-1 wa­
ter speed, the X. granatum fruit dispersed at a speed of 
29.66 ±  0.92 x  IO-2 and 26.74 ±  1.43 x  IO-2 m s-1 in the 
S- and O-scenario, respectively. The H. littoralis propag­
ules are most influenced by prevailing wind conditions, dis­
persing at 38.10 ±  2.06 x  IO-2 m s-1 in the S-scenario and 
at 19.84 ±  3.70 x  10_2m s_1 in the O-scenario. If the wa­
ter flow velocity was set at 15 x  IO-2 m s-1 and wind in the 
same direction was added to the system, H. littoralis propag­
ules reached a mean velocity of 27.12 ±  5.37 x  IO-2 m s- 1 . 
For the O-scenario and a 15 x  IO-2 m s-1 current velocity, 
both H. littoralis and X. granatum propagules showed a static 
behaviour or moved against the water flow.

Inter specific differences most clearly follow from the 
scenario in which only wind was considered (no water 
current). In line with all other scenarios, the dispersal 
speed of X. granatum seeds (5.62 ±  1.24 x  IO-2 m s-1 ) 
approaches that of horizontally floating C. ta­
gal (5.91 ±  1.20 x  IO-2 m s_1) and R. mucronata 
(5.46 ±  1.53 x  IO-2 m s-1 ) propagules. H. littoralis propag­
ules are most influenced by prevailing wind, dispersing at 
7.83 ±  1.45 x  IO-2 m s- 1 , while the X. granatum fruit has a 
dispersal speed of 0.04 x  IO-2 m s- 1 , being influenced by 
the wind conditions only to a limited degree.

Figure 5 shows the increase of the dispersal speed Av  (% ) 
for all propagules, for both the 15 x  IO-2 m s-1 (black) and 
the 30 x  IO-2 m s-1 (grey) water current velocity scenario, 
with Av(%)  calculated as

Au(%) =  (  V°p,_s ~ V ° p ,n \  x  100_ (2)
V fp rop , N /
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Herein, F>pr0p, S  a n d  F’prop, n  are the average dispersal ve­
locity of the propagule under the S-scenario and the N- 
scenario, respectively. The value of F<pr0p, n  is close to the wa­
ter current velocity (see above). A general downward trend 
in the influence of wind with increasing density can be ob­
served (e.g., negative slope of the trend lines) (Fig. 5). The 
slope of the trend line for the 15 x  IO-2 m s-1 water cur­

rent velocity scenario is more negative than the one for the 
30 x  IO-2 m s-1 scenario. Hence, the slope of the trend line 
is negatively correlated to the speed of the water current. Ad­
ditionally, the difference between each datapoint (each dot in 
figure) and its projection on the trend line, from this point 
onward termed “residual”, decreases with increasing water 
current velocity.
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3.1.2 Intra-specific differential effect of wind

Intra-specific differences are negligible, which is shown by 
the low standard deviations of the results in Table 1. How­
ever, differences occur at the level of floating orientation, 
which can be seen both from Fig. 3 and Fig. 4, as well as the 
velocities in Table 1. From the data in Fig. 4 it follows that the 
horizontally floating propagules (open symbols) were signif­
icantly more influenced by equidirectional wind conditions 
than their vertically floating counterparts (grey symbols) (t =  
14.83, df =  38, p  < 0.001, n =  20 for the S-scenario; M ann- 
Whitney U: p  < 0.001, « =  20 for the O-scenario). The role 
of wind appears to be less explicit when the water flow ve­
locity was higher (Fig. 4a vs. Fig. 4b) (f =  14.80, df = 3 8 , 
p <  0.001, « =  20 for the S-scenario; i =  —4.56, df = 3 8 , 
p  < 0.001, « =  20 for the O-scenario). When no wind was 
added (black symbols), no significant differences existed 
among the horizontally and vertically floating propagules 
for a current velocity of 15 x IO-2 m s-1 (t =  0.45, df =  38, 
p  =  0.65, n =  20) and 30 x IO-2 m s-1 (Mann-Whitney U : 
p  =  0.65, n =  20), all floating at the same speed as the water.

3.2 Field study

Of the propagules dropped at LÍ, 22.5 % (« =  200) and 39 % 
(« =  100) of the C. tagal and R. mucronata propagules were 
found back, respectively. For L2, recoveries reached 32.5 % 
(« =  200) and 63%  («= 100) of the released C. tagal and 
R. mucronata propagule batch, respectively, where for L3 
this was 24 % (« =  200) and 50 % (« =  100). In total, for all 
dropping locations, 26.33 % of C. tagal propagules (« =  600)

and 50.67 % of R. mucronata propagules (« =  300) have been 
recovered.

The dispersal distance distributions for the propagules 
of both species dropped at location LÍ, L2 and L3 are 
shown in Fig. 6. For LÍ, the mean dispersal distance for 
C. tagal propagules was 1 1 56± 170m  and 1217± 211m  
for R. mucronata propagules. No substantial inter specific 
differences can be seen between the distribution in disper­
sal distances of both species (Fig. 6a). For the propagules 
dropped at L2, one can recognize two different distance 
ranges over which propagules dispersed (Fig. 6b): a first 
group (Gl) of propagules with a shorter mean dispersal dis­
tance (140 ± 5 0  m for C. tagal and 189 ± 6 3  m for R. mu­
cronata) and a second group (G2) that dispersed much longer 
distances (1871 ±  236 m for C. tagal and 1683 ±  203 m for 
R. mucronata) (Mann-Whitney U: p <  0.0001, « c i  = 3 3 , 
« G 2 = 9 4 ;  1 outlier of Ct in G2 not taken into account). 
No significant difference exists among the dispersal shadow 
of both species (Mann-Whitney U : p = 0.0920, «ct =  64, 
« R m  =  63). The maximum dispersal distance was 2958m, 
reached by a C. tagal propagule (treated as an outlier, and 
hence not included in the calculation of the mean dispersal 
distance; outliers were detected using the two-sided Grubbs 
Test using a parameter value of 0.01 instead of 0.05). For L3, 
a scenario is observed similar to the L2 scenario, with two 
clearly distinct groups in terms of dispersal distance (Mann- 
Whitney U: p  < 0.0001, « c i =  75, «g2 =  23) and no sig­
nificant difference between the dispersal frequency distribu­
tion of both species (Mann-Whitney U : p  =  0.11, «et =  65, 
«R m  =  63) (Fig. 6c). The average dispersal distance of the 
first group was 861 ± 9 7  m and 901 ± 1 3 6  m for C. tagal
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Fig. 6. Dispersal distance distribution (number of propagules) for 
Ceriops tagal (black) and Rhizophora mucronata (grey) propagules 
used in the release-recapture experiment in the field, for propagules 
dropped at location LÍ (a): at location L2 (b): and at location L3 
(c). Locations are indicated in Fig. 2.

and R. mucronata, respectively. Individuals of the second 
group reached more remote areas from the dropping location 
(L3), 2483 ±  178 m for C. tagal and 2543 ±  101 m for R. mu­
cronata. The maximum dispersal distance here was 2783 m.

Environmental settings where the propagules were recov­
ered differ widely, though for LÍ and L2, most propagules 
were recovered along the high-water line south-southwest 
of L2, and in an adjacent forest. While the propagules on 
the shore were concentrated near the high-water mark, the 
propagules in the forest were lying distributed over an area 
from the border of the creek up to about 90 m inland, ly­
ing mainly amongst roots of R. mucronata trees. Propag­
ules dropped at L3 stranded on the beach, west of L3, up to 
the mouth of Mkurumuji River. Where the shore and beach 
mainly consist of bare sand, outcrops of fossil coral reef are 
quite extensive in some places. In these areas, propagules 
were collected in small pools in the dead coral’s surface, un­
der loose debris of old coral, behind fallen palm tree trunks 
and between extensive amounts of leaf litter in hydrodynamic 
traps near the high water mark.

3.3 Fishermen data

Within the bay (zone A), 4 and 19 propagules of C. tagal 
and R. mucronata were found, respectively. In the transition 
zone (zone B), 2 and 31 propagules, and in the Indian Ocean

(zone C), 5 and 119 propagules of these species were found, 
respectively.

4 Discussion

To our knowledge, this is the first study to address the role of 
wind in hydrochorous mangrove propagule dispersal, focus­
ing on propagule density and morphological characteristics 
of propagules, as well as on their floating orientation.

In the presence of wind, dispersal velocities significantly 
differed among species and buoyancy orientation of propag­
ules. Thus, in agreement with our hypothesis (i) the influence 
of wind is more pronounced for dispersal units with a lower 
density. Propagules with a lower density will have a larger 
proportion of their volume above the water surface, which 
allows the wind force to exert more influence. H. littoralis 
propagules floating on the water surface are most influenced 
by prevailing wind conditions, yielding significantly higher 
velocities when the wind is equidirectional to the water cur­
rent, but strongly limiting the dispersal range when the wind 
acts opposite or under a certain angle to the dominant wa­
ter flow. Among elongated propagules, the density distribu­
tion of a propagule must be taken into consideration, since 
it determines the propagule floating orientation and thus in­
directly the degree to which the fate of the propagule is in­
fluenced by the wind. This is consistent with our hypothesis 
(iii), that vertically oriented propagules are influenced sig­
nificantly less than their horizontally floating counterparts. 
The surface roughness becomes gradually more important 
as the body of a propagule protrudes above the water sur­
face. Therefore, hypothesis (ii) is rejected in the particular 
case where a significant part of a propagule’s volume is sub­
merged.

Thus, significant differences exist among species when 
studying the role of wind in hydrochorous mangrove propag­
ule dispersal, which is especially interesting in meta­
population dynamics, genetic exchange and more specifi­
cally for defining dispersal kernels and dispersal model out­
put.

4.1 Flume study

Our study answers the need for a better understanding of 
the dispersal mechanisms, which -  along with establish­
ment processes -  present a valuable additive for exist­
ing (individual based or particle) models. Models, such as 
the FORMAN, KIWI and MANGRO model, constitute a 
standard (ecological) tool in modelling population disper­
sal (Werner et al., 2001). More specifically, they are be­
ing used to investigate the long-term evolution of Neotrop­
ical mangrove forest development, including the effects of 
natural and human-induced disturbances (e.g. Berger and 
Hildenbrandt, 2000; Doyle et al., 2003; Berger et al., 2006, 
2008; Fontalvo-Herazo et al., 2011). Though these IBMs and
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the advection-diffusion hydrodynamic model of Di Nitto et 
al. (2013) are of great value in studying mangrove forest evo­
lution and propagule dispersal, no particle-based model has 
been constructed in order to study the hydrochorous dispersal 
of mangrove propagules. Although it is assumed that finite- 
volume and particle tracking models should yield compara­
ble results when properly used (Zhang and Chen, 2007), this 
study shows that, despite mangrove propagules being passive 
dispersal units, species-specific differential effects of wind 
on propagule dispersal exist. In collaboration with Deltares, 
knowledge from this study will be used in the Delft3D-PART 
model, allowing particles (mangrove propagules) to be fol­
lowed as individuals (Lagrangian) with user-defined prop­
erties. This in order to improve dispersal modelling output 
from the Delft3D-WAQ model (Di Nitto et al., 2013) in 
which propagules were assumed to react similarly on wind 
conditions.

In our study, we investigated the dispersal behaviour of C. 
tagal and R. mucronata, as well as H. littoralis and X. grana­
tum propagules, under various water flow velocities and wind 
conditions. When wind was ignored in the experimental set­
up, the dispersal velocity equaled the current speed for all 
species, which can be explained from a purely physical point 
of view, where energy is transferred to the propagule un­
til equilibrium with the water body is reached. The time to 
reach this equilibrium depends both on the mass of the dis­
persing unit, as well as on the energy of the water flow. The 
latter may explain why, in the case of a 30 x  IO-2 m s-1 wa­
ter flow velocity, the average velocity of R. mucronata dis­
persal units and the X. granatum fruit was lower than that 
of C. tagal propagules (Table 1), very likely being a direct 
consequence of the length of the test section (5 m), mean­
ing that these dispersal units did not have the time to reach 
a steady state, where they did in the 15 x  IO-2 m s-1 wa­
ter flow scenario. When wind was considered in the experi­
ment, H. littoralis propagules were by far the most strongly 
influenced dispersal units, which follows directly from their 
low density, as well as the presence of a dorsal sail acting as 
a sail. This may be advantageous when the wind is parallel 
and in the same direction as the water flow, but strongly lim­
its the dispersal range when wind is opposite or acts under a 
certain angle. In their study, Stieglitz and Ridd (2001) men­
tioned that wind drift seemed to have a negligible effect in the 
Normanby Bay at the moment of their observations. No de­
tails are given for the wind speed and direction in their study, 
but low wind speeds and/or differences in floating behavior 
might be explanatory. Floating capacity of propagules (buoy­
ancy) evolves through time (unpublished data), changing the 
portion of the propagule above the water surface.

In order to compare morphological groups, we also con­
sidered X. granatum seeds. Though their size is most compa­
rable to that of H. littoralis propagules, their dispersal speed 
values differ widely. This is explained by the higher density 
of X. granatum seeds compared to the lighter H. littoralis 
propagules and the absence of a sail. Where the latter float

on top of the water column, the X. granatum seeds are sub­
merged mostly, with only a small portion of the seed sticking 
out of the water body, and consequently catching less wind. 
The dispersal unit that was least influenced by the wind, was 
the X. granatum fruit. Its high mass requires more time to 
reach the equilibrium speed, but once this equilibrium state 
is reached, the wind has little influence on the small portion 
of the smooth and spherical surface that rises above the water 
surface.

The elongated propagules of C. tagal and R. mucronata 
showed comparable results, though the R. mucronata propag­
ules on average were slightly slower due to a higher mass. An 
interesting difference was found between horizontally and 
vertically floating propagules of C. tagal, where in all exper­
imental setups, the vertically oriented propagules were sig­
nificantly less influenced by the acting wind forces.

In general, the influence of wind is negatively corre­
lated with the propagule’s density (Fig. 5). Nevertheless, the 
propagule’s shape and surface roughness may not be ignored. 
The emerging surface of X. granatum fruits, for example, is 
part of a sphere with low surface roughness. Consequently, 
the wind has very little grip on its emerging surface. H. lit­
toralis propagules, on the other hand, catch more wind, since 
an important part of their emerging volume (e.g., dorsal sail) 
extends in the z-direction (positive upward). The origin and 
magnitude of residuals can be explained from this point of 
view. The decrease of the trend line’s slope in Fig. 5 with in­
creasing water current velocity can be explained by the fact 
that the net force of wind on all propagules becomes rela­
tively less important. Consequently, the species-specific dif­
ferential effect of wind becomes less explicit, which is il­
lustrated by the lower residuals. Although Fig. 5 assumes 
equidirectional wind and water conditions, the overall rela­
tion between density and the role of wind in hydrochorous 
dispersal will still hold in other scenarios where wind and 
water forces act under a different angle. From a physical 
perspective, a more pronounced species-specific differential 
effect would be expected if both forces act under an angle 
a =]90,270[, that is, all winds with a component that is op­
posite to the dominant water current.

While the dispersal of propagules, and the role of wind 
therein, has been treated uniformly in the hydrodynamic 
model of Di Nitto et al. (2013), the results of our study 
show that important differences exist among species, but also 
among individuals of the same species. In order to math­
ematically express species-specific dispersal velocities, fur­
ther experiments are needed.

4.2 Field study

The dispersal range of propagules dropped at site LÍ (Fig. 1) 
in the field all stranded in a range of 750 to 1500 m from the 
dropping location (Fig. 6a). This differs from the propagules 
dropped at L2 and L3 (Fig. 6b and c, respectively) where 
two distance ranges can be identified. This can be explained
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by the combination of the dominant easterly wind direction, 
and the presence of natural wind barriers. The creek is rela­
tively narrow at LÍ, with a partial blocking of the wind by the 
mangrove forest, in contrast to L2 and especially L3, where 
the creek gradually widens and the wind can fully influence 
the route of the dispersing units. Knowledge from our flume 
study enables us to clarify the appearance of various distance 
ranges, assuming that for L2 and L3, the shorter distance 
range represents horizontally floating propagules, being di­
rected landward by the easterly wind, while the vertically 
oriented propagules are less influenced by the wind and con­
sequently strand in more remote areas.

Considering the wind conditions in our study area (estu­
ary and strong shoreward winds), a high density (e.g. float­
ing just under the water surface) is advantageous for long­
distance dispersal, since the wind has less influence on sub­
merged propagules and propagules therefore follow the water 
currents. Long distance is understood here as leaving the lo­
cal mangrove biotope (enclosed bay), and reaching the open 
sea. For propagules with a lower density, surface roughness 
becomes additionally important, since these propagules have 
a higher volume sticking out of the water and their disper­
sal path is therefore more influenced by wind action. In this 
latter situation, the surface roughness is preferably minimal 
with respect to long-distance dispersal. Low density and high 
surface roughness will increase the susceptibility to the influ­
ence of wind, and increase the chance for the propagule to be 
blown towards the coast, and thus reduce its chances to leave 
the estuary. Among elongated propagules, vertically floating 
propagules are the most suitable candidates for long-distance 
dispersal in our field situation, being directed dominantly by 
tidal and ocean currents. Nevertheless, hydrodynamic and 
wind conditions in each study area must be studied carefully 
in relation to local landform (or topographic) characteristics, 
in order to determine which propagules are most advanta­
geous in the context of long-distance dispersal. For exam­
ple, low density, whether or not in combination with a high 
surface roughness, will very likely result in longer dispersal 
distances if the wind direction is parallel to or away from 
the coast. In general, we believe that floating, but fully sub­
mersed, propagules will be the best long-distance dispersers. 
However, to study successful long-distance dispersal more 
holistically, the buoyancy period and viability should also be 
considered.

4.3 Fishermen data

Although these data cannot be used to quantify long-distance 
dispersal, they indicate that propagules can leave the local 
mangrove system. This is especially clear from the amount 
of propagules that were found in the open ocean (zone C). 
Differences between C. tagal and R. mucronata may be ex­
plained by the mesh size, which could have been too large for 
the smaller C. tagal propagules. However, the discrepancy 
between the numbers of C. tagal and R. mucronata propag­

ules is more likely caused by the presence of a much larger 
source population of R. mucronata in Gazi Bay (Neukermans 
et al„ 2008).

5 Conclusion

Our study clearly indicates that the overall dispersal dis­
tances of hydrochorous mangrove propagules that leave the 
forest, thereby reaching open waters, are not only determined 
by prevailing hydrodynamic conditions but also by dominant 
wind forces, reflecting species-specific aspects. The degree 
to which wind determines a propagule’s dispersal path de­
pends on a combination of the propagule’s density and float­
ing orientation, as well as its morphology and surface rough­
ness. The latter is especially important for propagules that 
have a significant part of their volume above the water sur­
face (i.e., low propagule density). For example, H. littoralis 
propagules are easily steered by acting wind forces, with 
their dorsal sail, having a low density, thereby floating on the 
water surface. On the other hand, wind forces have a limited 
direct impact on X. granatum fruits, which are for the most 
part submerged due to their large density and have a smooth 
and spherical surface. For more elongated propagules, the 
floating orientation turns out to be even more important for 
dispersal. This follows directly from the observation of two 
distinct dispersal groups in our field experiments, suggest­
ing that vertical propagules dispersed further than horizontal 
propagules, since the latter were most likely blown ashore by 
a dominant easterly wind. This can be fully explained by our 
wind experiments in a flume.

Density, floating orientation (density distribution), mor­
phological and propagule surface characteristics should 
therefore be considered when quantifying the influence of 
wind in hydrochorous dispersal models.
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