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Connectivity issues in marine environments: 
beyond biotic exchange  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connectivity à focus on biotic exchange 

§  Landscape connectivity is crucial for:  
•  dispersal 
•  gene flow 
•  demographic rescue 
•  movement in response to climate change 

§  Management efforts à map and conserve areas 
that facilitate movement to maintain population 
connectivity & promote climate adaptation 

McRae et al. (2012) Where to Restore Ecological Connectivity? Detecting Barriers and 
Quantifying Restoration Benefits. PLoS ONE 7(12): e52604.  
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Novel opportunities à physical models 

è Modeling biotic exchange 
Biogeosciences, 10, 5095–5113, 2013
www.biogeosciences.net/10/5095/2013/
doi:10.5194/bg-10-5095-2013
© Author(s) 2013. CC Attribution 3.0 License.
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Modelling drivers of mangrove propagule dispersal and restoration
of abandoned shrimp farms
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Abstract. Propagule dispersal of four mangrove species Rhi-
zophora mucronata, R. apiculata, Ceriops tagal and Avicen-
nia officinalis in the Pambala–Chilaw Lagoon Complex (Sri
Lanka) was studied by combining a hydrodynamic model
with species-specific knowledge on propagule dispersal be-
haviour. Propagule transport was simulated using a finite-
volume advection-diffusion model to investigate the effect of
dispersal vectors (tidal flow, freshwater discharge and wind),
trapping agents (retention by vegetation) and seed character-
istics (buoyancy) on propagule dispersal patterns. Sensitiv-
ity analysis showed that smaller propagules, like the oval-
shaped propagules of Avicennia officinalis, dispersed over
larger distances and were most sensitive to changing val-
ues of retention by mangrove vegetation compared to larger,
torpedo-shaped propagules of Rhizophora spp. and C. tagal.
Directional propagule dispersal in this semi-enclosed lagoon
with a small tidal range was strongly concentrated towards
the edges of the lagoon and channels. Short distance disper-
sal appeared to be the main dispersal strategy for all four
studied species, with most of the propagules being retained
within the vegetation. Only a small proportion (max. 5%)
of propagules left the lagoon through a channel connecting
the lagoon with the open sea. Wind significantly influenced
dispersal distance and direction once propagules entered the

lagoon or adjacent channels. Implications of these findings
for mangrove restoration were tested by simulating partial re-
moval in the model of dikes around abandoned shrimp ponds
to restore tidal hydrology and facilitate natural recolonisation
by mangroves. The specific location of dike removal, (with
respect to the vicinity of mangroves and independently suit-
able hydrodynamic flows), was found to significantly affect
the resultant quantities and species of inflowing propagules
and hence the potential effectiveness of natural regeneration.
These results demonstrate the value of propagule dispersal
modelling in guiding hydrological restoration efforts that aim
to facilitate natural mangrove regeneration.

1 Introduction

World aquaculture production continues to grow rapidly.
Mainly in Asia and Latin America, shrimp farming has
emerged as a major source of employment and income for
many people (Naylor et al., 2000; Rönnbäck et al., 2002).
However, when unregulated, these expanding economical ac-
tivities can have major negative environmental and social im-
pacts (Patil and Krishan, 1997; Ronnbäck, 2001; Rönnbäck
et al., 2002). Over the years, many aquaculture ponds have

Published by Copernicus Publications on behalf of the European Geosciences Union.
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è Modeling biotic exchange 
D. Di Nitto et al.: Modelling drivers of mangrove propagule dispersal 5105

Fig. 5a. Results of scenario 1 (effect of species-specific buoyancy) showing the distribution plots of Avicennia officinalis. WS=wet season,
DS= dry season, ODP= obligated dispersal period. Red, yellow and light blue colours indicate a high, medium and low concentration of
propagules respectively.

Fig. 5b. Results of scenario 1 (effect of species-specific buoyancy) showing the distribution plots of Ceriops tagal. WS=wet season,
DS= dry season, ODP= obligated dispersal period. Red, yellow and light blue colours indicate a high, medium and low concentration of
propagules respectively.

Fig. 5c. Results of scenario 1 (effect of species-specific buoyancy) showing the distribution plots of Rhizophora apiculata. WS=wet season,
DS= dry season, ODP= obligated dispersal period. Red, yellow and light blue colours indicate a high, medium and low concentration of
propagules respectively.

www.biogeosciences.net/10/5095/2013/ Biogeosciences, 10, 5095–5113, 2013

predictions = f (bio & physical inputs) !! 



4 

predictions = f (bio & physical inputs) !! 

Biogeosciences, 10, 3635–3647, 2013
www.biogeosciences.net/10/3635/2013/
doi:10.5194/bg-10-3635-2013
© Author(s) 2013. CC Attribution 3.0 License.
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The role of wind in hydrochorous mangrove propagule dispersal
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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 (613.58 g L�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;

Published by Copernicus Publications on behalf of the European Geosciences Union.

Contrasting propagule types 

https://wiki.trin.org.au/Mangroves/PropoguleType 
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Physical approach to biotic exchange 

3638 T. Van der Stocken et al.: The role of wind in hydrochorous mangrove propagule dispersal

Fig. 1. Schematic representation of (a) the racetrack flume (modified from Bouma et al., 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
0.6m-wide (Fig. 1a) oval race-track flume tank, which al-
lowed for uniform flow conditions. The flume was filled with
seawater (salinity of 34‰, 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 0.35m. A uniform free-flow current ve-
locity of 15⇥ 10�2 m s�1 and 30⇥ 10�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. 1b). Current velocities in all wind scenar-
ios were calibrated to ensure water current velocities to be
identical in all experimental scenarios (i.e. 15⇥ 10�2 m s�1
and 30⇥ 10�2 m s�1). To ensure a constant wind speed, a
test section of 5m 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± 0.13m s�1, which is the average of 3 wind speed mea-
surements along the experimental setup (0m, 2.5m and 5m).
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 0m

(Fig. 1b) along the flume tank, through a small fist-sized hole

Biogeosciences, 10, 3635–3647, 2013 www.biogeosciences.net/10/3635/2013/
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Inputs for modeling biotic exchange  
   ó large-scale connectivity 

T. Van der Stocken et al.: The role of wind in hydrochorous mangrove propagule dispersal 3641

Fig. 3. Mean dispersal velocities for all species used in the flume study, for the N-scenario (black circles), the S-scenario (grey circles)
and the O- scenario (open circles). Vertical bars indicate standard deviations. The water flow velocity is added as a reference (dotted line).
Hl: Heritiera littoralis propagules; Xg seed and fruit: seed and fruit of Xylocarpus granatum, respectively; RmH: Rhizophora mucronata
propagules; CtH and CtV: horizontally and vertically floating Ceriops tagal propagules, respectively.

Fig. 4. Dispersal velocity profile of horizontally (open symbols, H) and vertically (grey symbols, V ) floating Ceriops tagal propagules, for
the S-scenario (circles), O-scenario (rectangles) and for the scenario in which was not considered (black symbols). The water flow velocity
(dotted line) is added as a reference. All wind scenarios were tested using a water flow velocity of 15 cm s�1 (a), and 30 cm s�1 (b). Vertical
bars indicate standard deviations.

Herein, v̄prop,S and v̄prop,N are the average dispersal ve-
locity of the propagule under the S-scenario and the N-
scenario, respectively. The value of v̄prop,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⇥ 10�2 m s�1 water cur-

rent velocity scenario is more negative than the one for the
30⇥ 10�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.

www.biogeosciences.net/10/3635/2013/ Biogeosciences, 10, 3635–3647, 2013

Connectivity beyond biotic exchange?  
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Connectivity beyond biotic exchange?  

§  The importance of spatial extended ecosystem 
engineering 
•  eco. eng. / facilitation concept / max. scale 

§  Ecosystem connectivity at landscape-scale 
•  temperate & tropical example 

§  Management implications 
•  protection & restoration 

§  Coastal defense cascades  
•  Application in the future 
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ecosystem engineering:  

STRONG 
  hydrodynamics 

REDUCED 
  hydrodynamics 

EE = modification of the abiotic environment  
   by biological activity (Jones 1994) 

tjeerd.bouma@nioz.nl 

ecosystem engineering:  
 modifying your own environment 

Spartina vegetation. The larger scale simila-
rities of sedimentation and erosion around the
perimeter of tussocks (Fig. 2A and B) could not
be covered within the dimensions of our flume
set-up.

Similar to the observations at the Molenplaat
(Fig. 3), the muddy site at the Valkenisseplaat
(Fig. 4) obtained a lower elevation than the sandy
site, and the sandy site revealed similar spatial
sedimentation and erosion patterns as the Molen-
plaat. The strongest erosion was observed at the
upstream front of the HD patches (i.e. !2 to 0m in
Fig. 4A) and at the sides of the patches that are
orientated parallel to the main flow direction (i.e.
dip around !1 and 1m in Fig. 4B). Lack of a
dominant flow direction at the Paulina polder
saltmarsh (details in legend Fig. 2), made it
impossible to identify sedimentation patterns as
clearly as observed at the Molenplaat (Fig. 3) and

the Valkenisseplaat (Fig. 4). The overall loss of
sediment within the bamboo patch was independent
of temporal variation in elevation height at the
mudflat, as reflected by the elevation measurements
furthest away from the bamboo patch (Fig. 5).
Temporal data suggest that the elevations and
depressions in the level of the sediment develop
relatively quickly, and remain relatively constant
during subsequent periods. This quick response
(visual observations showed response after a single
tide) suggests that these patterns are caused initially
by tidal currents, rather than by unpredictable wave
events. However, we cannot exclude variations over
time due to wind generated waves, and that this
effect may vary among field sites.

At most sites, there was a tendency towards more
coarse, median grain sizes within the bamboo
patches (Table 1). However, this trend was not
visible at the most muddy site (Paulina polder
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ecosystem engineering:  
   potential to build landscapes 

tidal marsh dissected by 
channel netwrok 

Temmerman et al. Geology (2007) 

EE à may facilitate neighbors 
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Evidence	  for	  extended	  EE-‐effects	  

Bed	  edge	  

Donadi	  et	  al.,	  Ecology	  (2013);	  Ecosystems	  (2013)	  

Distance	  (meters)	  

Evidence for extended EE-effects 

Evidence	  for	  extended	  EE-‐effects	  

Van	  der	  Zee	  et	  al.,	  Ecosystems	  (2012)	  
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Evidence for extended EE-effects 
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Connectivity beyond biotic exchange?  

§  The importance of spatial extended ecosystem 
engineering 
•  eco. eng. / facilitation concept / max. scale 

§  Ecosystem connectivity at landscape-scale 
•  temperate & tropical example 

§  Management implications 
•  protection & restoration 

§  Coastal defense cascades  
•  Application in the future 

Reduction of nutrients and sediments 

Reduction of hydrodynamic energy 

Biological Exchange 

Land 
Ocean 

Mangrove forest 

Seagrass Bed 

Coral reef 

Landscape-scale facilitation between  
connected tropical ecosystems 

Gillis et al. MEPS 2014 
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Landscape-scale facilitation between  
connected tropical ecosystems 

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. � �
doi: 10.3354/meps10716

Published � �

INTRODUCTION

Within the field of community ecology, positive
interactions between species have an important im -
pact on population establishment and thereby on

overall community structure (Bertness & Callaway
1994, Silliman et al. 2011). Habitat-forming organ-
isms (foundation species) that are able to change
the physical conditions (i.e. ecosystem engineers cf.
Jones et al. 1994, 2010) and buffer environmental

© Inter-Research 2014 · www.int-res.com*Corresponding author: lucygwen.gillis@nioz.nl
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Potential for landscape-scale positive interactions
among tropical marine ecosystems

L. G. Gillis1,*, T. J. Bouma1, C. G. Jones2, M. M. van. Katwijk3, I. Nagelkerken4, 
C. J. L. Jeuken5, P. M. J. Herman1, A. D. Ziegler6

1Department of Spatial Ecology, Royal Netherlands Institute for Sea Research (NIOZ), The Netherlands
2Cary Institute of Ecosystem Studies, PO Box AB, Millbrook, New York, USA

3Department of Environmental Science, Radboud University Nijmegen, The Netherlands
4School of Earth and Environmental Sciences, The University of Adelaide, Australia

5Deltares/Delft Hydraulics, Marine and Coastal Systems/Hydraulic Engineering, Delft, The Netherlands
6Geography Department, National University of Singapore, Singapore, Singapore

ABSTRACT: Fluxes of energy, materials and organisms among ecosystems are consequences of
their openness to exchange and lead to the consideration of reciprocal connections among adjacent
ecosystems. Reciprocal connectivity may have implications for ecosystem functioning and manage-
ment but it is generally studied only for a single factor, rather than for multiple factors. We
examined the extent to which these fluxes may apply at the landscape scale for 3 ecosystems: man-
grove forests, seagrass beds and coral reefs. From a literature review and analysis, we semi-quanti-
tatively assessed fluxes based on attenuation of wave height and exchanges of sediments, nutrients
and algivores. We found that coral reefs and seagrass beds significantly attenuated wave height
and that this effect depended on specific physical conditions. In the case of coral reefs, the retention
capacity depended on the section of the reef the wave breached, whilst for seagrass beds, we hy-
pothesised that the density of the plants was the controlling factor. Mangrove forests’ ability to re-
duce sediment flux concentrations was related to the mangrove forest area. Seagrass plants have a
capacity to decrease sediments in the water column. Both mangrove forests and seagrass beds re-
tained nutrients within the ecosystems, which was a positive interaction. Isolated reefs showed a
decrease (30 to 95%) in algivore biomass compared to situations where the 3 habitats were in prox-
imity to each other. The findings show that there is potential for reciprocal connections among
coastal ecosystems. Our results indicate that these exchanges at the ecosystem scale can be placed
into the context of facilitation in the field of community ecology. Future research should focus on
which natural and anthropogenic factors determine reciprocal facilitation between these
ecosystems and determine how ecosystem-based management can be improved with this knowl-
edge. The considerable potential for reciprocal facilitation implies that ecosystem managers may
need to place greater emphasis on the landscape scale.
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Hydrodynamics · Sediments · Algivores
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(Koch 2001, Bouma et al. 2005), but to a much lesser
degree than coral reefs due to their flexible structure
(Bouma et al. 2005, Infantes et al. 2009). Here, the
data show that reduction of wave heights is species-
and location-specific. Seagrass beds and corals can
contribute to sediment accretion and stabilization,
thus decreasing water depth toward the shore. This
reduction in depth can also alter wave height, but we
did not take this factor explicitly into con-
sideration.

Positive interactions between coral reefs 
and  seagrass beds under average conditions

Coral reefs reduce wave heights to a
fraction of the incoming wave height
(Fig. 2A, Table S2 in the Supplement).
Assuming an initial wave height arriving
at a coral reef of between 0.07 and 4 m,
this would result in 0.02 to 0.8 m waves
via attenuation of hydrodynamic energy
(Fig. 2A, Table S2). There was no correla-
tion be tween the distance the wave trav-
elled and the retention capacity (linear
regression R2 = 0.05, p > 0.05). However,
the data taken at the reef crest did show a
negative relationship between export/
import ratio and the distance the wave
travelled (linear regression: R2 = 0.5, p <
0.05). All studies showed a de crease in
wave height between 20 and 97%; this
indicates the ability of coral reefs to reduce

wave heights, thereby po tentially fa -
ci litating the establishment of sea-
grass beds (Fig. 2A, Table S2).

After a wave passes a coral reef,
seagrass beds will further reduce an
initial wave height from 0.04−0.2 m to
0.01−0.08 m (Fig. 2B, Table S2). The
reduction ratio (export/import) was
not related to the physical dimensions
of the bed or to the density of the
 seagrass, possibly because of the
small data set (Table S2). However,
all values were well below 1, demon-
strating that wave height reduction is
a consistent feature of all seagrass
beds studied. Overall, these studies
(Tablel S2) show the potential of sea-
grass beds to attenuate wave height
for neighboring ecosystems.

Positive interactions between coral reefs and
 seagrass beds in storms and hurricanes

Coral reefs may be exposed to recurrent tropical
storms and hurricanes with high hydrodynamic
energy. The main factor influencing coral reef capac-
ity for wave height attenuation is the physical dimen-

6

Threshold variables Mangrove Seagrass Coral Facilitation 
forests beds reefs potential

Wave height (m) 0.5 0.4 0.9 CR�SB�MF
Total suspended sediment 82 161 11.2 MF�SB�CR

(g−1 m−2 d−1)
Water column nitrogen 0.07 0.04 0.009 MF�SB�CR

(g N m−2 d−1)
Water column phosphorous 0.04 0.002 0.0002 MF�SB�CR

(g P m−2 d−1)

Table 1. Literature-based threshold values of wave height (m) and sediment
(g m−2 d−1), nitrogen (g N m−2 d−1) and phosphorus (g P m−2 d−1) fluxes at which
mangrove forests (MF), seagrass beds (SB) and coral reefs (CR) can establish
or persist. Values were calculated based on a literature review; the mean
value of the literature review values was chosen as the threshold value
(Table S1, Tables 3 & 5). Facilitation potential indicates whether one eco -
system type could positively affect the establishment and/or persistence of
 another by altering the corresponding abiotic variable (based on literature
 review); arrows indicate the direction of the facilitation potential. We have not
considered differences in organic or inorganic nutrients and have combined 

all sources of N and P

Fig. 2. Change in wave height (m) over a distance (m, ocean to shore) of
(A) coral reef and (B) seagrass bed. Each line/arrow represents a different
study, where the highest point is the initial wave height, and, following
the direction of the arrow, the lowest point represents the end wave
height. In panel (A), grey lines represent studies taken at the reef crest;
black lines represent studies taken at the fore or back reef. Each study cal-
culated a different percentage change of the wave height over a given dis-
tance; the number directly above the line indicates the study number in 

Table S2 in the Supplement
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(Koch 2001, Bouma et al. 2005), but to a much lesser
degree than coral reefs due to their flexible structure
(Bouma et al. 2005, Infantes et al. 2009). Here, the
data show that reduction of wave heights is species-
and location-specific. Seagrass beds and corals can
contribute to sediment accretion and stabilization,
thus decreasing water depth toward the shore. This
reduction in depth can also alter wave height, but we
did not take this factor explicitly into con-
sideration.

Positive interactions between coral reefs 
and  seagrass beds under average conditions

Coral reefs reduce wave heights to a
fraction of the incoming wave height
(Fig. 2A, Table S2 in the Supplement).
Assuming an initial wave height arriving
at a coral reef of between 0.07 and 4 m,
this would result in 0.02 to 0.8 m waves
via attenuation of hydrodynamic energy
(Fig. 2A, Table S2). There was no correla-
tion be tween the distance the wave trav-
elled and the retention capacity (linear
regression R2 = 0.05, p > 0.05). However,
the data taken at the reef crest did show a
negative relationship between export/
import ratio and the distance the wave
travelled (linear regression: R2 = 0.5, p <
0.05). All studies showed a de crease in
wave height between 20 and 97%; this
indicates the ability of coral reefs to reduce

wave heights, thereby po tentially fa -
ci litating the establishment of sea-
grass beds (Fig. 2A, Table S2).

After a wave passes a coral reef,
seagrass beds will further reduce an
initial wave height from 0.04−0.2 m to
0.01−0.08 m (Fig. 2B, Table S2). The
reduction ratio (export/import) was
not related to the physical dimensions
of the bed or to the density of the
 seagrass, possibly because of the
small data set (Table S2). However,
all values were well below 1, demon-
strating that wave height reduction is
a consistent feature of all seagrass
beds studied. Overall, these studies
(Tablel S2) show the potential of sea-
grass beds to attenuate wave height
for neighboring ecosystems.

Positive interactions between coral reefs and
 seagrass beds in storms and hurricanes

Coral reefs may be exposed to recurrent tropical
storms and hurricanes with high hydrodynamic
energy. The main factor influencing coral reef capac-
ity for wave height attenuation is the physical dimen-

6

Threshold variables Mangrove Seagrass Coral Facilitation 
forests beds reefs potential

Wave height (m) 0.5 0.4 0.9 CR�SB�MF
Total suspended sediment 82 161 11.2 MF�SB�CR

(g−1 m−2 d−1)
Water column nitrogen 0.07 0.04 0.009 MF�SB�CR

(g N m−2 d−1)
Water column phosphorous 0.04 0.002 0.0002 MF�SB�CR

(g P m−2 d−1)

Table 1. Literature-based threshold values of wave height (m) and sediment
(g m−2 d−1), nitrogen (g N m−2 d−1) and phosphorus (g P m−2 d−1) fluxes at which
mangrove forests (MF), seagrass beds (SB) and coral reefs (CR) can establish
or persist. Values were calculated based on a literature review; the mean
value of the literature review values was chosen as the threshold value
(Table S1, Tables 3 & 5). Facilitation potential indicates whether one eco -
system type could positively affect the establishment and/or persistence of
 another by altering the corresponding abiotic variable (based on literature
 review); arrows indicate the direction of the facilitation potential. We have not
considered differences in organic or inorganic nutrients and have combined 

all sources of N and P

Fig. 2. Change in wave height (m) over a distance (m, ocean to shore) of
(A) coral reef and (B) seagrass bed. Each line/arrow represents a different
study, where the highest point is the initial wave height, and, following
the direction of the arrow, the lowest point represents the end wave
height. In panel (A), grey lines represent studies taken at the reef crest;
black lines represent studies taken at the fore or back reef. Each study cal-
culated a different percentage change of the wave height over a given dis-
tance; the number directly above the line indicates the study number in 
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draw firm conclusions because variability between
studies is large and the data set is limited. For exam-
ple, flume studies by Hendriks et al. (2008) show a
very large initial concentration of sediment (1576 to
2575 g l−1), which would not show any facilitative
effect to coral reefs. Other ecological influences, e.g.
local hydrodynamic conditions, nutrient status, dis-
turbance, architecture of the seagrass canopy, resus-
pension potential and herbivory, are expected to
affect the structures of the seagrass bed and there-
fore the perspective of positive sediment interactions
from seagrass beds to coral reefs (Koch 2001, de Boer
2007, Infantes et al. 2009).

Nutrient exchange

Habitat requirements of coral reefs and 
seagrass beds

Corals reefs in pristine areas can be limited by
nitrogen and/or phosphorus (Kuhlmann 1988, Hearn
et al. 2001). Three major processes are involved in
nutrient acquisition under these circumstances: nu -
trient depletion of the boundary layer; tight nutrient
recycling within the ecosystem; and consumption of
particulate matter (Kuhlmann 1988, Hearn et al.
2001, Todd 2008). Seagrass beds can also be limited
by nitrogen and phosphorus in pristine areas (Lee et
al. 2007) but are adapted to low nutrient availability.
Seagrasses access the higher nutrient concentrations
in sediment (Terrados et al. 1998) and can use or -
ganic sources as a nitrogen source both by trapping

organic matter in porous sediment as well as
by uptake of dissolved organic matter from the
water column (Vonk et al. 2008a). Seagrass
beds have  efficient nutrient recycling in the
sediment that is enhanced by invertebrates
such as burrowing shrimp (Vonk et al. 2008b).

Changes in land use in the last 100 yr have
resulted in high nutrient inputs to the coastal
seascape (Uriarte et al. 2010). Consequently,
many coral reefs and seagrass beds are no
longer nutrient limited (Schaffelke et al. 2005,
Burk holder et al. 2007). Nutrient loading to sea-
grass beds, particularly of  terrestrially derived
nitrogen, has been found to initially increase
seagrass productivity and biomass (Lee et al.
2007). However, increased loading for longer
periods generally causes a decrease in leaf
density and cover, followed by shifts to ma -
croalgae-dominated systems (Burkholder et al.
2007). Many studies of coral reefs have found

that high nutrient concentrations have detrimental ef-
fects, including growth of macroalgae (Todd et al.
2010), increased occurrence of exotic species (Dubin-
sky & Stambler 1996) and physiological changes (e.g.
in feeding strategies, reproductive abilities and zoo-
xanthellae photosynthesis) (Tomascik & Sander 1985,
1987).

In general, coral reefs have greater exposure to low
nutrient ocean water than seagrass beds (Table 1,
Table S5 in the Supplement). Because reduced nutri-
ent loads can benefit seagrasses and coral reefs, the
potential for positive interactions will depend on the
extent to which mangroves (for seagrasses and reefs)
and seagrass beds (for reefs) affect nutrient loads.

Habitat modification by mangroves and 
seagrass beds

The mangrove outwelling hypothesis (Odum 1968,
Lee 1995) postulates that detrital export supports
adjacent ecosystems and food webs. For example,
mangrove detritus has been found up to 3 km away
in nearby seagrass beds (Hemminga et al. 1994, Lee
1995, Bouillon et al. 2007). Here, however, we focus
on the reverse influence: can mangroves buffer sea-
grass beds, and possibly even coral reefs, from excess
terrestrial nutrients? These forests receive nutrients
from a variety of oceanic and/or terrestrial sources
(Vilhena et al. 2010). Mangrove ecosystems are bio-
geochemically complex, with high nutrient pro -
cessing and outputs by associated fauna (Lee 1995,
Kristensen et al. 2008). For example, invertebrates
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Fig. 3. Oceanward flux of total suspended solids (TSS; g−1 m−2 d−1)
from mangrove forests to the coastal ocean, as a function of man-
grove area (km2). Each line represents a different study, where the
highest point is the initial sediment input, and, following the lines in
the direction of the arrow, the lowest point represents the exported
sediment (see Table S4 in the Supplement). Dash without arrow indi-
cates no difference in imported and exported sediment. The number
directly above the line indicates the study number in Table S4. Not
all sediment fluxes have been measured over an entire year
(Table S4), but for ease of comparison and simplicity, all data have 

been transformed to g m−2 d−1
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feeding on mangrove particulate organic matter can
account for 10 to 80% of exported carbon (Robertson
1986). Microbial activity has also been found to uti-
lize up to 20% of particulate organic matter, and
microbial mineralization, nitrogen fixation and deni-
trification are significant processes within the nitro-
gen budget (Kristensen et al. 2008). High rates of bio-
geochemical cycling within mangrove ecosystems
imply that nutrient export will be constrained to that
exceeding internal requirements or that which can-
not be retained at high discharge or under storm con-
ditions (Boto & Wellington 1988).

Seagrass beds are known to trap and mineralize
mangrove particulate organic matter and seston
(Bouillon et al. 2007). Seagrass beds export nutrients
via leaf shedding — enhanced during strong hydro-
dynamic events — and via marine herbivore con-
sumption (Hemminga et al. 1994). In pristine sea-
grass beds, we expect most nutrients to be retained
(Vonk et al. 2008b).

Positive interactions from mangroves and 
seagrass beds

Mangroves have been shown to be able to retain
up to 100% of terrestrial nitrogen import (Valiela &
Cole 2002), making it important to understand which
factors affect mangrove retention. We have collected
data regarding nutrient re tention
in mangrove fo rests; many of
these studies were using very dif-
ferent methods of measurement.
To give broad understanding of
nutrient retention in mangroves,
we compared all these studies,
despite the limitations in this
analysis. Eight studies (1−3, 5−9
in Table S6 in the Supplement)
reported less export than import
of dissolved nitrogen in the water
 column (N, DIN + DON, TN), indi-
cating a potential facilitative
effect to seagrass beds (Table S6,
Fig. 4A). Two other studies
showed a higher export than im -
port of nitrogen in the water col-
umn (Studies 4 & 10) (Table S6,
Fig. 4A). No relationship was seen
between mangrove area and re -
tention capacity (R2 = 0.1, p >
0.05). This could not be explained
by any environmental influence

that the authors were aware of for these studies. The
same pattern was not seen with respect to fluxes of
dissolved phosphorus in the water column (P, TP,
DIP + DOP, DOP + PO4) (Table S6, Fig. 4B); all studies
retained phosphorus. However, there was no correla-
tion between mangrove areas and export/import
ratio for phosphorus (R2 = 0.1, p > 0.05).

Seagrasses absorb dissolved nitrogen and phospho-
rus from the water column and sediment porewater,
and they export nutrients primarily as organic
detritus. All the studies showed seagrass retaining
dissolved nutrients in the water column, with retention
rates of 5 to 79% for nitrogen and 35% for phospho -
rus, indicating a large range (Table S7 in the Supple-
ment, Fig. 5). No relationship was seen between the
retention capacity for nitrogen and the area of the
seagrass beds (R2 = 0.1, p > 0.05). In part, this is be-
cause the experiments were incubations or flumes,
and therefore, the area is not a controlling variable.
We did not complete statistics for phosphorus as there
was only 1 data point.

Epiphytes also strongly contribute to nutrient re -
ten tion in seagrass beds. Cornelisen & Thomas (2006)
found that seagrass epiphytes absorb 43 to 47% of
nitrogen from the water column. If seagrass beds and
their associated epiphytes were the only buffer be -
tween coral reefs and the land, they obviously would
provide an important service in absorbing nutrients,
especially in the event of pulse nutrient enrichment.

9

Fig. 4. Fluxes of dissolved (A) nitrogen (g N m−2 d−1) and (B) phosphorus (g P m−2 d−1)
from and within mangroves forests with different surface area (km2). Each line/arrow
represents a different study, where the initial flux is represented by the highest point,
and the end concentration flux is indicated by the arrow (see Table S6 in the Supple-
ment). The arrow also shows if the nutrient flux is increasing (facing upwards) or de-
creasing (pointing downwards). Decreasing fluxes indicate that the mangrove forest
is net absorbing nutrients; increasing fluxes indicate that it is net exporting. The num-

ber directly above the lines indicates the study number in Table S6
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feeding on mangrove particulate organic matter can
account for 10 to 80% of exported carbon (Robertson
1986). Microbial activity has also been found to uti-
lize up to 20% of particulate organic matter, and
microbial mineralization, nitrogen fixation and deni-
trification are significant processes within the nitro-
gen budget (Kristensen et al. 2008). High rates of bio-
geochemical cycling within mangrove ecosystems
imply that nutrient export will be constrained to that
exceeding internal requirements or that which can-
not be retained at high discharge or under storm con-
ditions (Boto & Wellington 1988).

Seagrass beds are known to trap and mineralize
mangrove particulate organic matter and seston
(Bouillon et al. 2007). Seagrass beds export nutrients
via leaf shedding — enhanced during strong hydro-
dynamic events — and via marine herbivore con-
sumption (Hemminga et al. 1994). In pristine sea-
grass beds, we expect most nutrients to be retained
(Vonk et al. 2008b).

Positive interactions from mangroves and 
seagrass beds

Mangroves have been shown to be able to retain
up to 100% of terrestrial nitrogen import (Valiela &
Cole 2002), making it important to understand which
factors affect mangrove retention. We have collected
data regarding nutrient re tention
in mangrove fo rests; many of
these studies were using very dif-
ferent methods of measurement.
To give broad understanding of
nutrient retention in mangroves,
we compared all these studies,
despite the limitations in this
analysis. Eight studies (1−3, 5−9
in Table S6 in the Supplement)
reported less export than import
of dissolved nitrogen in the water
 column (N, DIN + DON, TN), indi-
cating a potential facilitative
effect to seagrass beds (Table S6,
Fig. 4A). Two other studies
showed a higher export than im -
port of nitrogen in the water col-
umn (Studies 4 & 10) (Table S6,
Fig. 4A). No relationship was seen
between mangrove area and re -
tention capacity (R2 = 0.1, p >
0.05). This could not be explained
by any environmental influence

that the authors were aware of for these studies. The
same pattern was not seen with respect to fluxes of
dissolved phosphorus in the water column (P, TP,
DIP + DOP, DOP + PO4) (Table S6, Fig. 4B); all studies
retained phosphorus. However, there was no correla-
tion between mangrove areas and export/import
ratio for phosphorus (R2 = 0.1, p > 0.05).

Seagrasses absorb dissolved nitrogen and phospho-
rus from the water column and sediment porewater,
and they export nutrients primarily as organic
detritus. All the studies showed seagrass retaining
dissolved nutrients in the water column, with retention
rates of 5 to 79% for nitrogen and 35% for phospho -
rus, indicating a large range (Table S7 in the Supple-
ment, Fig. 5). No relationship was seen between the
retention capacity for nitrogen and the area of the
seagrass beds (R2 = 0.1, p > 0.05). In part, this is be-
cause the experiments were incubations or flumes,
and therefore, the area is not a controlling variable.
We did not complete statistics for phosphorus as there
was only 1 data point.

Epiphytes also strongly contribute to nutrient re -
ten tion in seagrass beds. Cornelisen & Thomas (2006)
found that seagrass epiphytes absorb 43 to 47% of
nitrogen from the water column. If seagrass beds and
their associated epiphytes were the only buffer be -
tween coral reefs and the land, they obviously would
provide an important service in absorbing nutrients,
especially in the event of pulse nutrient enrichment.
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Fig. 4. Fluxes of dissolved (A) nitrogen (g N m−2 d−1) and (B) phosphorus (g P m−2 d−1)
from and within mangroves forests with different surface area (km2). Each line/arrow
represents a different study, where the initial flux is represented by the highest point,
and the end concentration flux is indicated by the arrow (see Table S6 in the Supple-
ment). The arrow also shows if the nutrient flux is increasing (facing upwards) or de-
creasing (pointing downwards). Decreasing fluxes indicate that the mangrove forest
is net absorbing nutrients; increasing fluxes indicate that it is net exporting. The num-

ber directly above the lines indicates the study number in Table S6
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Nutrient-rich conditions in seagrass beds are mainly
the result of increased organic matter concentrations
(McGlathery et al. 2007). Organic matter addition
experiments have shown a decline in above- and
below-ground biomass (20 to 50%) due to plant mor-
tality and greater leaf abscission (Perez et al. 2007).
The resulting increase in particulate organic matter,
along with sediment destabilization, would likely
lead to greater export to mangroves or coral reefs
under these conditions. Note that reduced above-
ground biomass will reduce the potential of seagrass
to attenuate hydrodynamic energy and to retain
 sediment.

Organism exchange

Increased densities of algal consumers can affect
coral reefs and seagrass beds

As noted earlier, corals and seagrasses require rel-
atively high light levels and are adapted to low nutri-
ent conditions. In nutrient-rich environments, they
can be overgrown by algae and epiphytes, which
may competitie for light (Ralph et al. 2007, van der
Heide et al. 2007). For example, Heck & Valentine
(2006) showed that seagrass declined due to surface
epiphyte overgrowth following nutrient enrichment.
The latter was especially problematic when no epi-
phytic grazers were present, as grazers can reduce

epiphyte biomass by up to 30% (Neckles et
al. 1993). Moreover, a small in crease in gra -
zing can result in a substantially greater
resilience of coral reefs (Mum by & Hastings
2008, Berkström et al. 2012). Algivores (e.g.
some species of juvenile butterflyfish, goat-
fish, surgeonfish and parrotfish) can thus
play a major role in maintaining the vigour
of coral reefs and seagrass beds (Neckles et
al. 1993). Thus, the presence of  adjacent
ecosystems may have facilitative effects on
another ecosystem by enhancing popula-
tions of mobile algivores and thereby algal
consumption. Piscivores/invertebrate feed-
ers can also utilise all 3 systems as juveniles;
17 to 59% of these predator fishes use sea-
grass beds and mangrove reefs as nursery
areas (Berkström et al. 2012). The predatory
species can affect the stability of coral reefs
via reduction of prey species such as sea
urchins, starfish and gastropods, which can
in large numbers cause bioerosion on stony
corals (Berkström et al. 2012). However,

based on available data, we will consider this ques-
tion mainly for parrotfish, which are regarded as pre-
dominantly algivores with positive effects on sea-
grass and corals.

Positive interactions from mangroves and seagrass
beds by enlarging algal consumer populations

Several studies in Tanzania and the Caribbean
have shown increases in density of parrotfish when
coral reefs were adjacent to mangroves and seagrass
beds (Nagelkerken & van der Velde 2002, Doren-
bosch et al. 2006); for example, parrotfish density
increased >95% in Curaçao compared to coral reefs
isolated from the other 2 systems (Fig. 6). The in -
creased density of parrotfish for co-occurring ecosys-
tems indicates a potential facilitative relationship for
coral reefs and seagrass beds, as the fish can reduce
algal loading vis herbivory. Mumby et al. (2004) also
found an increased biomass of reef fish when coral
reefs were near to abundant mangroves, compared
to coral reefs with few or no mangroves. Mangrove
forests, seagrass beds and coral reefs are distributed
across incremental depths from the land to the open
ocean, and significant ontogenetic transfers from one
ecosystem to another (i.e. juveniles to the shallows,
mature organisms to the deep) (Kimirei et al. 2013)
may occur in addition to transfer with daily tides (For-
ward & Tankersley 2001) and diurnal movements
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Fig. 5. Reduction of dissolved nitrogen (black) and phosphorus fluxes
(grey) (g N or P m−2 d−1) via retention from seagrass plants. Each line/ar-
row represents a different study, where the highest point is the initial flux;
following the arrows down, the lowest point represents the end concen-
tration flux (see Table S7 in the Supplement). Each study calculated a dif-
ferent percentage change of nutrient retention for a given species of sea-
grass bed, which we re-calculated to a flux; the number directly above the
lines correlates with the study number in Table S7. Studies 1 & 2 refer to
Cymodocea sp., Study 3 is a Halodule sp., Studies 4 & 5 refer to Posidonia 

sp., Studies 6−8 refer to Thalassia sp., and Study 9 is a Zostera sp.
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(Krumme 2009). With respect to the nursery function
of adjacent ecosystems, Mateo et al. (2010) demon-
strated that distance is not necessarily the primary
influence on the origin of juveniles and that distance
effects can be species-specific. Recent laboratory and
in situ studies also find that juveniles of some fish
species show strong preferences for specific habitats
(Grol et al. 2011); this indicates that any potential for
positive interactions would depend on a blend of spe-
cies, distance and habitat types. Overall, it is clear
that inland mangrove and seagrass bed areas form
an important nursery habitat for parrotfish (Nagel-
kerken 2009) and that mangrove forests or man-
grove-seagrass systems contribute high fractions of
the populations of various reef fish species (Nagel-
kerken & van der Velde 2002). Nursery or spawning
areas in adjacent ecosystems may have lower preda-
tion risks for juveniles, which might explain why
coral reefs close to nursery or spawning areas show
enhanced species diversity or secondary production
(Dorenbosch et al. 2004, Mumby et al. 2004, Nagel-
kerken 2009).

INTERACTING EFFECTS BETWEEN 
MULTIPLE FLUXES

The majority of previous studies have investigated
single connections between systems (Hemminga et
al. 1994, Bouillon et al. 2007, Nagelkerken 2009). We
argue that multiple fluxes need to be taken into

account in evaluating the importance of adjacent
ecosystems. However, such multiple environmental
factors may interact and thereby result in responses
that differ from what would be expected based on a
single factor. However, interactions between multi-
ple fluxes are still too poorly studied to fully account
for all interactions within this perspective. It is clear
that certain exchanges are likely to co-occur (e.g.
high hydrodynamic energy and turbidity) (de los
Santos et al. 2010). Wolanski (2007) showed that
physical and chemical parameters are often linked to
biological aspects of ecosystems. In the case of man-
grove forests, the physical structure of mangroves
will influence outwelling and consequently offshore
fisheries.

Combining 2 factors may cause different types of
interactions: synergistic, antagonistic and independ-
ent (de los Santos et al. 2010, La Nafie et al. 2012). A
clear example of one exchange fully overruling a
 second exchange was shown by de los Santos et al.
(2010), who demonstrated that light availability
(related to turbidity) was much more important for
seagrass health than changes in hydrodynamic
energy. In contrast, La Nafie et al. (2012) showed that
waves and high nutrient loads jointly decrease the
survival but separately affect morphological and bio-
mechanical properties of the seagrass Zostera noltii.
Recent work has also shown that herbivores will limit
the establishment of algae, in turn limiting sediment
accumulation (Rasher et al. 2012). All of the factors
mentioned above (light availability, hydrodynamic
energy, nutrient loads, herbivore numbers and sedi-
mentation) are critical for the growth and establish-
ment of these ecosystems.

We have concentrated on the positive interactions,
but there could be negative interactions as well.
Fluxes leading to negative direct effects may have a
positive indirect effect. For example, increased nutri-
ent fluxes to coral reefs or seagrass beds, with nega-
tive effects due to eutrophication, may cause in crea -
sed herbivore numbers, a positive effect. Some
species of parrotfish Leptoscarus vaigiensis are
known to only feed on seagrass leaves (Gullström et
al. 2011). Thus, an increase in numbers for this spe-
cific herbivore because of proximity to a coral reef (or
vice versa) may cause a decrease in seagrass biomass
and be therefore classified as a negative interaction.
Furthermore, these potential negative interactions
may be cancelled out, e.g. mega-herbivore grazing
(green turtle) has been shown to increase seagrass
tolerance to eutrophication (Christianen et al. 2012),
and fish herbivore grazing has been shown to
increase shoot density (Valentine et al. 1997, Heck &

11

Fig. 6. Three examples of the positive effect of the co-
 occurrence of coastal ecosystems (MF: mangrove; SG: sea-
grass; CR: coral reef) on the density of parrotfish measured
at the coral reef. MF-SG-CR indicates mangrove forests,
seagrass beds and coral reefs occurring in close proximity
(black columns); CR alone denotes coral reefs that have no
other ecosystems nearby (grey columns). Based on 1Do ren -
bosch et al. (2005), 2Dorenbosch et al. (2007), 3Nagelkerken 

& van der Velde (2002)

Landscape-scale facilitation:  
 - enhances diversity  
 - enhances ecosystem stability 

Reduction of nutrients and sediments 

Reduction of hydrodynamic energy 

Biological Exchange 

Land 
Ocean 

Mangrove forest 

Seagrass Bed 

Coral reef 

Landscape-scale facilitation between  
connected tropical ecosystems 

Gillis et al. MEPS 2014 

what does not co-occur now, may have in the past! 
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Management implications à restoration 

Ecosystem engineers can have inordinately large 
effects on associated communities through environ-

mentally mediated interactions. An ecosystem engineer is
an organism whose presence or activity alters its physical
surroundings or changes the flow of resources, thereby cre-
ating or modifying habitats and influencing all associated
species (Jones et al. 1994, 1997). For example, a beaver cre-
ates ponds and wetlands where there were previously running
streams. A tree shades the understory and drops leaf litter,
which lowers soil temperatures, changes pH, and forms a
physical barrier to seedling emergence. Marsh grass dampens
wave energy, promoting sediment deposition and peat ac-
cretion; provides binding substrate for benthic invertebrates;
and aerates the sediment through loss of oxygen in its root-
ing zone. These are a few of the myriad examples of changes
organisms make in the abiotic environment, and in all cases,
a suite of other species are affected by these physical alterations.

A major criticism of the ecosystem engineering concept is
that all organisms engineer their environments to some de-
gree, and such a ubiquitous process is thus trivial to under-
standing ecological communities (Reichman and Seabloom
2002a, 2002b, Wilby 2002). However, as with all common

processes, the challenge is to determine when, where, and
which organisms engineer habitats with important outcomes
for community and ecosystem processes. Developing this
predictive understanding for ecosystem engineering would
benefit the concept and its applicability substantially. We ar-
gue that important ecosystem engineers are those that pro-
vide limiting resources or reduce constraining variables, and
these limiting resources and variables change consistently
with background environmental conditions.While all ecosys-
tem engineering will have both positive and negative local ef-
fects on organisms, important engineers will significantly
influence ecosystem functions of interest. Finally, because
maintenance of ecosystem function is a top conservation
priority (Balvanera et al. 2001), identifying which types of en-
gineers maintain or influence ecosystem functions of inter-
est in varying environments provides a wise target for
conservation attention.

Caitlin Mullan Crain (e-mail: caitlin_crain@brown.edu) and Mark D. Bert-

ness (e-mail: mark_bertness@brown.edu) work in the Department of Ecology

and Evolutionary Biology, Brown University, Providence, RI 02912.

Ecosystem Engineering across
Environmental Gradients:
Implications for Conservation
and Management

CAITLIN MULLAN CRAIN AND MARK D. BERTNESS

Ecosystem engineers are organisms whose presence or activity alters their physical surroundings or changes the flow of resources, thereby creating or
modifying habitats. Because ecosystem engineers affect communities through environmentally mediated interactions, their impact and importance
are likely to shift across environmental stress gradients. We hypothesize that in extreme physical environments, ecosystem engineers that ameliorate
physical stress are essential for ecosystem function, whereas in physically benign environments where competitor and consumer pressure is typically
high, engineers support ecosystem processes by providing competitor- or predator-free space. Important ecosystem engineers alleviate limiting abiotic
and biotic stresses, expanding distributional limits for numerous species, and often form the foundation for community development. Because 
managing important engineers can protect numerous associated species and functions, we advocate using these organisms as conservation targets,
harnessing the benefits of ecosystem engineers in various environments. Developing a predictive understanding of engineering across environmental
gradients is important for furthering our conceptual understanding of ecosystem structure and function, and could aid in directing limited 
management resources to critical ecosystem engineers.

Keywords: stress gradients, ecosystem engineers, conservation, associational defenses, environmental stress model
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Management implications à restoration 

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 336: 121–129, 2007 Published April 27

INTRODUCTION

The cosmopolitan eelgrass Zostera marina Linneaus
suffered greatly from ‘wasting’ disease in the 1930s
(Giesen et al. 1990a, de Jonge et al. 2000), when 1000s
of hectares were destroyed. Natural recovery of eel-
grass was poor in the western Wadden Sea, probably
due to intensive engineering activities, turbidity in the
water column, fishing activities (Giesen et al. 1990b, de
Jonge et al. 2000) and increased nutrient loads in the
1970s and 1980s (van Katwijk et al. 1997, 1999, 2000).
By that time, the abundance of eelgrass in the Wadden
Sea had been reduced to less than 1% of the level in

the 1930s (de Jonge et al. 2000). In the 1990s, water
quality improved and the clarity of the water column
increased again (van Katwijk et al. 2000), but eelgrass
did not recover in the western Wadden Sea. The rem-
nant annual populations of intertidal eelgrass in the
eastern part of the Wadden Sea may not have been
able to supply seeds to western locations, due to pre-
dominantly westerly winds and currents.

Eelgrass is highly appreciated for its ecological role
in tidal flats. At high tide, eelgrass forms a complex
structure that creates shelter for juvenile fishes and
invertebrates (Jenkins et al. 1997, Heck et al. 2003,
Polte et al. 2005). Intertidal eelgrass is emergent at low

© Inter-Research 2007 · www.int-res.com*Email: arthurrbos@yahoo.com

Planting density, hydrodynamic exposure and 
mussel beds affect survival of transplanted

intertidal eelgrass 

Arthur R. Bos1, 2,*, Marieke M. van Katwijk1

1Department of Environmental Science, Institute for Wetland and Water Research, Radboud University, PO Box 9010, 
6500 GL Nijmegen, The Netherlands

2Davao del Norte State College, New Visayas, 8105 Panabo City, Philippines

ABSTRACT: Transplantation of eelgrass Zostera marina has become a promising restoration tool
since natural recolonisation during the last century failed after massive mortality, due to a combina-
tion of a wasting disease outbreak and a sequence of human impacts. We studied the interactive
effects of planting density and hydrodynamic exposure on the survival of transplants of an annual
population of intertidal eelgrass. Accordingly, eelgrass seedlings were planted in high density (HD:
14 plants m–2) and low density (LD: 5 plants m–2) units at 3 locations with varied wave and current
exposures. We also tested the potential of blue mussel beds (Mytilus edulis) to facilitate eelgrass sur-
vival. Transplant survival decreased as hydrodynamic exposure increased. Survival was high (75%
after 7 wk) at the low exposure location. The intermediate exposure location had slightly lower over-
all survival (60% after 7 wk), and lowest overall survival rate was at the most exposed location (20%
after 7 wk). Facilitation existed among eelgrass plants. Survival was significantly higher in the HD
units than in the LD units at both high and intermediate exposure locations. Planting density had no
effect on survival at the low exposure location. Hence, there was an interactive effect of planting den-
sity, hydrodynamic exposure and shelter. Eelgrass planted in open spaces within a mussel bed sur-
vived significantly better than transplants situated 60 m seaward of the mussel bed. Thus, mussel
beds facilitate eelgrass survival. The insights into the processes affecting transplantation success will
be of use in eelgrass restoration around the world.

KEY WORDS:  Zostera marina · Mytilus edulis · Eco-engineering · Facilitation · Transplantation ·
Wadden Sea
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ongeveer 500 m. Deze bank heeft ervoor gezorgd dat de erosie achter de bank is gestopt en 
dat de geplante vegetatie aan het uitbreiden is. 
 
Een derde voorbeeld is het behoud van een mangrove-eiland oostelijk

1 6  WL | Delft Hydraulics & Radboud Universiteit, NIOO-CEME

 

 van Sebastian in 
lorida. Sinds 1900 is het oppervlak van het eiland met 70 procent afgenomen. Deze afname 

wordt waarschijnlijk veroorzaakt door bootverkeer en de getijdenstroming. Door het storten 
van oesters en het aanplanten van zeegras lijkt het erop dat de erosie is stopgezet. Dit project 
wordt echter op dit moment nog gemonitord. (Coastal Resources Group, 2006). 
 
Een vierde voorbeeld is de aanleg van een oesterschelpenrif vlak voor een kwelderrand in 
Louisiana, in een gebied met een getijverschil van 1.90. Op het schelpenrif vestigden zich 
jonge oesters waardoor het rif een meer duurzaam karakter kreeg. Op beschutte locaties 
werd de kwelderranderosie verminderd gedurende de monitoringsperiode van 1 jaar; op 
meer geëxponeerde locaties was geen verschil. De oesterschelpriffen hadden een bescheiden 
omvang (25 x 1.0 x 0.7 m), en werden binnen 5 meter van de kwelderrand geplaatst (Piazza 
et al. 2005). 
 
Tot slot zijn er binnen het European Artificial Reef Research Network (EARRN) tal van 
voorbeelden te noemen waarin succesvol bio-engineering projecten zijn toegepast 
(http://www.soes.soton.ac.uk/research/groups/EARRN/ Bezocht: 14/02/2007). Dit netwerk 
wordt gefinancierd door de Europese Commissie. 
 
In de Waddenzee zijn in 2002 zes mosselrichels aangelegd met het oogmerk een 
zeegrastransplantatie te beschermen tegen de golfslag. Hierbij was niet een vermindering 
van de golfintensiteit, maar van de duur van blootstelling aan golven beoogd (van Dijk et al. 
2002, Bos & van Katwijk in press). Dit effect werkte (ongepubliceerde resultaten Kroon & 
van Katwijk, zie figuur 3). Helaas zijn de mosselrichels in korte tijd verdwenen. 
Inventarisatie van verschillende pogingen om mosselbanken aan te leggen in de Waddenzee 
of de UK gaf een beeld van wisselend succes. Bij uitvoering zal inbreng van de expertise 
van mosselvissers met hun kweekpercelen van grote waarde zijn.  
 

 

Figuur 3. Kleinschaliger voorbeeld van een lokaal effect van een schelpdierrichel (hier 
mossels): reductie van de duur

F

 van blootstelling aan golfslag 

 
Zeegrassen zijn overal over de wereld aangelegd met verschillende motieven. Vaak werd 
mitigatie beoogd (compensatie van een zeegrasvernietigende ingreep) of herstel. In enkele 
gevallen wordt melding gemaakt van de aanleg van zeegrasvelden ter sedimentstabilisatie, 
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Management implications à restoration 
Bos & van Katwijk: Survival of transplanted eelgrass

of the plants survived until the beginning of fall, in
contrast to observations at Locations B1 and B3.

Survival of the transplants at Location B3 was rela-
tively low (Fig. 3). Less than 50% survived the first week.
During the following weeks, lower numbers of plants
disappeared, while the survivors started to develop. Sig-
nificantly higher survival (log rank test; p < 0.01) was
found in HD planting units than in LD planting units.

Survival at both densities of transplants was signifi-
cantly higher at Locations B1 and B2 than at Location
B3 (log rank test; p < 0.01). In the LD planting units,
survival during the growing season at Location B1 was
significantly higher than at Location B2 (log rank test;
p < 0.01). This was not the case for the HD planting
units at the 2 locations (log rank test; p > 0.05).

The difference between survival of transplants
within a mussel bed and survival of transplants at the
control location 60 m seaward increased during the
observation period (Fig. 4). The survival curve of the
transplants within the mussel bed was significantly
higher (log rank test; p <0.05) than that of the trans-
plants at the control location. All plants had disap-
peared by Week 11.

Plant cover was less than 5% at all locations after
transplantation in Week 0. However, cover increased
towards the end of the growing season, and ranged
between 14 and 52% in Week 11 (Table 2). Plant cover
was not significantly different between HD and LD
planting units (Mann Whitney U-test; p >0.05) at all
locations in Week 11, when corrected for the initial
density differences and expressed as absolute covered
area. Mean plant cover was calculated at 487 cm2 in
Week 11, which resulted in a mean plant diameter of
25 cm, considering a plant as a circular unit. 

Reproductive shoots

Reproductive shoots had developed in about 80% of
all transplants at Locations B1 and B2 by Week 5
(Fig. 5). This percentage was much lower at Location
B3 (ca. 20%). There were no significant differences
between HD and LD planting units (Mann Whitney U-

test; p > 0.05). In Week 5, most of the reproductive
shoots were at the non-flowering stage at all locations
(Fig. 5). Reproductive shoots did not bear seeds.

In Week 11, almost all plants had developed reproduc-
tive shoots at Locations B1 and B2 (Fig. 5). Again no sig-
nificant differences were observed between HD and LD
planting units (Mann Whitney U-test; p > 0.05). The ma-
jority of the reproductive shoots at all locations bore
flowers (Fig. 5). The percentage of non-flowering repro-
ductive shoots was 8 and 22% at Locations B1 and B2,
respectively. Reproductive shoots did not bear seeds. No
plants were present at Location B3 in Week 11 (Fig. 5).

Shoot length and leaf width

The length of reproductive shoots was about 50 cm at
Locations B1 and B2 in Week 13 (Table 2). There were
no significant pairwise differences between HD and LD
at each location (Mann Whitney U-test; p > 0.05). How-
ever, when data were pooled across locations, there
were significantly longer reproductive shoots in LD
planting units (Mann Whitney U-test; p < 0.05).

The length of vegetative shoots was about 15 cm at
Location B1 and 30 cm at Location B2 in Week 13
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Fig. 4. Zostera marina and Mytilus edulis. Survival of eel-
grass transplants (median, upper and lower quartiles) at
Location B3 within a mussel bed and at a control location

without mussels

Location Density Plant cover Vegetative shoots Reproductive shoots 
(%) Length (cm) Width (mm) Length (cm)

B1 HD 51.7 (29.3) 19.4 (6.0) 2.6 (0.6) 48.8 (11.8)
LD 23.3 (16.1) 13.0 (2.7) 2.7 (0.8) 51.9 (4.4)

B2 HD 37.5 (13.7) 29.4 (5.9) 3.1 (0.7) 51.2 (8.1)
LD 14.2 (2.0) 30.3 (5.8) 3.3 (0.5) 53.6 (8.8)

Table 2. Mean (±SD) plant cover, length and width of reproductive and vegetative shoots in high density (HD) and low density
(LD) planting units at Locations B1 and B2. Plant cover was estimated in Week 11, whereas other parameters were measured in 

Week 13 after transplantation

BUT EEà can have negative interactions 
Ecological Applications, 22(4), 2012, pp. 1224–1231
! 2012 by the Ecological Society of America

Suppressing antagonistic bioengineering feedbacks doubles
restoration success
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Abstract. In a seagrass restoration project, we explored the potential for enhancing the
restoration process by excluding antagonistic engineering interactions (i.e., biomechanical
warfare) between two ecosystem engineers: the bioturbating lugworm Arenicola marina and
the sediment-stabilizing seagrass Zostera noltii Hornem. Applying a shell layer underneath
half of our seagrass transplants successfully reduced adult lugworm density by over 80% and
reduced lugworm-induced microtopography (a proxy for lugworm disturbance) at the wave-
sheltered site. At the wave-exposed site adult lugworm densities and microtopography were
already lower than at the sheltered site but were further reduced in the shell-treated units.
Excluding lugworms and their bioengineering effects corresponded well with a strongly
enhanced seagrass growth at the wave-sheltered site, which was absent at the exposed site.
Enhanced seagrass growth in the present study was fully assigned to the removal of lugworms’
negative engineering effects and not to any (indirect) evolving effects such as an altered
biogeochemistry or sediment-stabilizing effects by the shell layer. The context-dependency
implies that seagrass establishment at the exposed site is not constrained by negative
ecosystem-engineering interactions only, but also by overriding physical stresses causing poor
growth conditions. Present findings underline that, in addition to recent emphasis on
considering positive (facilitating) interactions in ecological theory and practice, it is equally
important to consider negative engineering interactions between ecosystem-engineering
species. Removal of such negative interactions between ecosystem-engineering species can
give a head start to the target species at the initial establishment phase, when positive
engineering feedbacks by the target species on itself are still lacking. Though our study was
carried out in a marine environment with variable levels of wave disturbance, similar
principles may be expected to apply to other ecosystems that are inhabited by ecosystem
engineers.

Key words: Arenicola marina; bioturbation; conservation; Eastern Scheldt estuary, southwestern
Netherlands; ecosystem engineers; exclusion; lugworm; negative feedbacks; restoration; seagrass meadow;
Zostera noltii Hornem.

INTRODUCTION

Approximately 30–50% of the Earth’s coastal ecosys-

tems have been severely degraded in the last decades,

often due to anthropogenic disturbances such as

eutrophication or overexploitation (Orth et al. 2006,

Barbier et al. 2008). Even though these areas make up

just 4% of the Earth’s total surface, systems such as salt

marshes, coral reefs, and seagrass meadows are of great

economic and ecological importance because large

human populations depend on them for storm buffering,

fisheries, and enhanced water quality (Orth et al. 2006,

Barbier et al. 2008). Moreover, they serve as key habitat

in the life cycles of many marine animal species.

Although these ecosystems were initially considered

highly resilient to human disturbance, we now know

that most coastal ecosystems do not respond linearly to

change, but may often collapse without warning (Silli-

man et al. 2005, van der Heide et al. 2007, Hughes et al.

2010). It has also emerged that recovery or restoration of

Manuscript received 7 September 2011; revised 23 January
2012; accepted 30 January 2012. Corresponding Editor: C. B.
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Seagrass mitigation  
        à effect of excluding lugworms … 

Photo: Wim Giesen 

Seagrass mitigation  
        à effect of excluding lugworms … 
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excluding lugworms à double success ! 

Suykerbuyk et al et al. – Ecol. Application 2012 

Reduction of nutrients and sediments 

Reduction of hydrodynamic energy 

Biological Exchange 

Land 
Ocean 

Mangrove forest 

Seagrass Bed 

Coral reef 

Management implications – landscape scale  
 à maintain all components 
 à restore missing links 

Gillis et al. MEPS 2014 
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Management implications – landscape scale  
   à do we need to make choices? 
   à better to protect 1 complete than 2 half? 

Connectivity beyond biotic exchange?  

§  The importance of spatial extended ecosystem 
engineering 
•  eco. eng. / facilitation concept / max. scale 

§  Ecosystem connectivity at landscape-scale 
•  temperate & tropical example 

§  Management implications 
•  protection & restoration 

§  Coastal defense cascades  
•  Application in the future 
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Estuarine ecosystem 
Coastal ecosystem + engineering 
Dune ecosystem 
Hard engineering 
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Coastal flood disasters are an ever-present threat to coastal 
societies. Recent examples include the flooding caused by 
Hurricane Katrina in 2005 in New Orleans, Cyclone Nargis 

in 2008 in southern Myanmar, Hurricane Sandy in 2012 in New 
York, and Typhoon Haiyan last month in the central Philippines. 
Such flood disasters are caused by extreme storm surges that can 
raise the local sea level by several metres through severe wind, waves 
and atmospheric pressure conditions1. Coastal flood risks are likely 
to increase over the coming decades owing to global and regional 
changes that include increasing storm intensity2,3, accelerating sea-
level rise and land subsidence4 (Fig. 1). Growing coastal populations 
mean more people will be exposed to these increasing flood risks5. At 
least 40 million people and US$3,000 billion of assets are located in 
flood-prone coastal cities today, and these are expected to increase 
to 150 million people and $35,000 billion by 2070 (ref. 5) (Fig. 2). 

Conventional coastal engineering, such as the building of sea 
walls, dykes and embankments, is widely perceived as the ultimate 
solution to combat flood risks. However, these defences are seriously 
challenged in many locations as their continual and costly mainte-
nance, as well as their heightening and widening to keep up with 
the increasing flood risk are becoming unsustainable. Furthermore, 
conventional coastal engineering often exacerbates land subsidence 
by soil drainage4 and hinders the natural accumulation of sediments 
by tides, waves and wind, thereby compromising the natural adaptive 
capacity of shorelines to keep up with relative sea-level rise (Fig. 1). 

In recent years, ecosystem-based flood defence has been brought 
into large-scale practice as a regional solution that is more sustain-
able and cost-effective than conventional coastal engineering. It is 
applied at locations that have sufficient space between urbanized 
areas and the coastline to accommodate the creation of ecosystems, 
such as tidal marshes, mangroves, dunes, coral reefs and shellfish 
reefs, that have the natural capacity to reduce storm waves6–8 and 
storm surges9–11, and can keep up with sea-level rise by natural 
accretion of mineral and biogenic sediments12,13 (Fig. 1). The lat-
ter process secures the long-term sustainability of ecosystem-based 
coastal protection. Furthermore, these ecosystems provide several 
added benefits14, including water quality improvement, fisheries 
production and recreation, so that in the long term they could be 
more cost effective than conventional defences15,16 (Table 1). This 
ecosystem-based approach is not suitable for all coastal areas and its 

global application is still scarce. On the basis of current knowledge, 
drawn largely from tidal wetland creation projects, we argue that 
the approach has the potential to protect many of the world’s largest 
flood-prone coastal populations (Fig. 2).

Challenges to conventional coastal engineering
During past centuries, wetlands in river deltas and estuaries were 
reclaimed on a large scale and turned into rich agricultural, urban 
and industrial areas such as New York, New Orleans, Shanghai, 
Tokyo and, on a country scale, the Netherlands. Consequently, 
today’s deltas and estuaries are host to the world’s largest flood-
prone coastal populations5 (Fig. 2) and have lost most of their natural 
flood defences.

Wetland reclamation leads to the loss of storage area for flood 
waters so that storm surges rise higher and propagate faster and 
further inland through the remaining channels of a delta or estuary 
(Fig. 1). For example, in the inland part of the Scheldt estuary, Bel-
gium, high water levels have increased by 1.3 m since 1930, which 
is about five times faster than the rise of high water levels at the 
coast17. This landward amplification of rising high water levels is 
exacerbated by extensive wetland reclamation (which diminishes 
the flood storage area and reduces resistance to landward flood 
propagation) and by channel dredging (which further facilitates 
flood propagation)11. Similar effects have been observed in other 
engineered estuaries and may rapidly increase in Asia, for instance, 
where deltaic wetlands are being reclaimed and channels engineered 
on large scales4.

In addition, as reclaimed wetlands are cut off from the sea or estu-
ary, the natural process of sediment deposition and land rise is inhib-
ited (Fig. 1). Decreased wetland sedimentation may also result from 
reductions in river-borne sediment supply by upstream river dams, 
river diversions and the building of embankments between the river 
and wetlands. This has contributed to large-scale wetland submer-
gence as the sea level rises, for example, in the Venice lagoon18 and 
the Mississippi delta19. The increasing difference between sea and 
land levels is further exacerbated by soil subsidence due to compac-
tion, soil drainage and extraction of groundwater, oil and gas4. For 
instance, subsidence over the twentieth century amounts to 5 m in 
Tokyo, 3 m in Shanghai, and 2 m in Bangkok5. In the Netherlands sub-
sidence has resulted in 9 million people living below mean sea level20. 

The risk of flood disasters is increasing for many coastal societies owing to global and regional changes in climate condi-
tions, sea-level rise, land subsidence and sediment supply. At the same time, in many locations, conventional coastal 
engineering solutions such as sea walls are increasingly challenged by these changes and their maintenance may become 
unsustainable. We argue that flood protection by ecosystem creation and restoration can provide a more sustainable, 
cost-effective and ecologically sound alternative to conventional coastal engineering and that, in suitable locations, it 
should be implemented globally and on a large scale.

Ecosystem-based coastal defence  
in the face of global change
Stijn Temmerman1, Patrick Meire1, Tjeerd J. Bouma2, Peter M. J. Herman2, Tom Ysebaert2,3 & Huib J. De Vriend4
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Mega cities endangered by drowning in 2070 
à Need for new cost effective coastal defense 

Temmerman et al. 2013, Nature 

Towards a new coast ? 

§  Which ecosystems to use? 
§  When can they be applied? 

Temmerman et al. 2013, Nature 
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Which ecosystems are (most) suitable? 

Bouma et al. 2014, Coastal Engineering 

 ‘structure building’ organisms à attenuate waves 
à ecosystem engineers ó biobouwers 

Intertidal Ecosystems Habitat characteristics Coastal protection service 

Sediment 
stabilization 

 

Wave attenuation 

Wave exposure Height in intertidal frame 
as submersion period 
(typical % [range %]) 

Wave decay 
coefficient  

(khabitat ; m-1) 

Does seasonality 
affects wave 
attenuation? 

Maximum Tidal range (m) reducing                                   
50% wave height over  

50 (MT50 /50) and 100 (MT50 /100) m ecosystem 
 

  
 
 
 

Salt marshes 

 
Sheltered 

 
 
 

 
5% [<30%] 

 
Binding by roots & 
rhyzomesc; 
Reduction of currents 

 
0.01-0.05j,l,m 

 
Yes, due to loss of 

aboveground biomass 
in winteri 
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Table 1

Bouma et al. 2014, Coastal Engineering 

higher in intertidal è stronger wave attenuation 
è intertidal (marsh) vegetation most suitable EE 
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Lower ecosystems also important:  
    stabilizing the cascade! 
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Biobouwers van de kust en

klimaatsverandering

  
Inventarisatie van bestaande kennis en

toepassingsmogelijkheden

 

8.2.2 (2) Kleine tot middelgrote schaal 

Doordat de platen voor de kwelders meegroeien met de zee, kunnen ook de kwelders 
meegroeien met de zee. Als de platen op een laag niveau blijven, wordt het hoogteverschil 

ssen kwelder en plaat al snel te groot, en zal kweldererosie toenemen7 tu
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ment (zand+slib) in en 
produceren pseudofaeces, stabiliseren het sediment, en door hun ophoging ontstaat 
een verhoogde golfreductie die leidt tot luwte kustwaarts, waardoor deze ophoogt, 
en zo telkens door tot in hogere zones (figuur 4). De biota op de tussenliggende 
wadplaat zijn van belang bij de ophoging; zeegras zou een heel goede 
bodemstabilisator en -ophoger zijn, terwijl biodestabilisatoren, zoals nonnetjes, een 
negatief effect zullen hebben op de algehele verhoging van de wadplaat.  

ii. De gebiostabiliseerde wadplaat zal tevens als een opslag van sediment kunnen 
dienen: in de zomer (wanneer het sediment toch al zelden de kwelder kan bereiken) 
accumuleert er meer sediment, dat in najaar en winter ten goede kan komen aan de 

waterstanden en stormen meer frequent 
oet ook om een gezonde 

een faciliterende zone van biobouwers 
eper deel van de het systeem 
onierszone wordt gefaciliteerd 

iii. s een verminderde 
ervóór worden aangelegd. De 

schelpdierbanken tot maximaal 
NAP

 

 

 

 

 

 

                                                     

 
De facilitatie van hoger gelegen ecosystemen (kwelders) door lager gelegen ecosystemen 
(oester- en mosselbanken en zeegrasvelden) kan op verschillende manieren gebeuren.  
 

i. Doordat de platen voor de kwelders meegroeien met de zee, kunnen ook de 
kwelders meegroeien met de zee. Als de platen op een laag niveau blijven, wordt het 
hoogteverschil tussen kwelder en plaat al snel te groot, en zal kweldererosie 
toenemen8. Ophoging van wadplaten (tot een nieuw evenwicht bereikt is) kan 
gerealiseerd worden door de inzet van schelpdierbanken, al dan niet in combinatie 
met zeegras. De schelpdierbanken vangen extra sedi

kwelder, juist in de periode dat hoge 
optreden. Kliferosie zal altijd ontstaan, en dat m
kwelderdynamiek te behouden, maar met 
kan deze dynamiek naar een iets (voormalig) di
verplaatst worden doordat de vestiging van de pi
(figuur 4).  
Schelpdierbanken kunnen in specifieke gevallen ook rechtstreek
golfaanval op kwelderranden leveren, indien ze vlak 
vooroever dient hierbij laaggelegen te zijn omdat de 

 kunnen voorkomen.  

 
7 Hier wordt bedoeld: méér toenemen dan in normale cyclische verjongingsprocessen, dus de 

kwelderstrook tussen plaat en dijk in de meest verjongde toestand wordt dan smaller. 
8 Hier wordt bedoeld: méér toenemen dan in normale cyclische verjongingsprocessen, dus de 

kwelderstrook tussen plaat en dijk in de meest verjongde toestand wordt dan smaller. 

Van Katwijk et al. (2007) 
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