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A B S T R A C T   

Mangrove forests are increasingly valued as wave-attenuating buffers in coastal flood defence strategies. How
ever, as mangroves are vulnerable to wave-induced erosion, this raises the question, how can the stability of 
these protective mangrove forests be promoted? To address this question, we investigate how mangrove dy
namics in a microtidal system can be related to different types of foreshores. We used remote sensing to 
investigate mangrove fringe stability over multiple years in relation to intertidal mudflat width (i.e., emerged at 
low tide) and the presence stability of cheniers, which are sand bodies on top of muddy foreshores that are 
characteristic for eroding coastlines. In addition, we investigated local and short-term foreshore effects by 
measuring wave propagation across two cross-shore transects, one with a mudflat and chenier and one with a 
deeper tidal flat foreshore. The satellite images (Sentinel-2) revealed that mangrove dynamics over multiple 
years and seasons were related to chenier presence and stability. Without a chenier, a mudflat width of 110 m 
(95%CI: 76–183 m) was required to make mangrove expansion more likely than mangrove retreat. When a stable 
chenier was present offshore for two years or more, a mudflat width of only 16 m (95%CI: 0–43 m) was enough 
to flip chances in favor of mangrove expansion. However, mangrove expansion remained heavily influenced by 
seasonal changes, and was highly event driven, succeeding only once in several years. Finally, although mudflat 
width was a direct driver of mangrove expansion, and could be targeted as such in coastal management, our field 
measurements demonstrated that cheniers also have an indirect effect on mangrove expansion. These sand banks 
significantly reduce wave height offshore, thereby likely creating favorable conditions for mudflat accretion 
landward, and thus mangrove habitat expansion. This makes stabilization - and possibly also the temporary 
creation - of cheniers an interesting target for mangrove conservation and restoration.   

1. Introduction 

Mangrove ecosystems have been increasingly valued for their 
ecosystem services in the past few decades (Barbier et al., 2011). Besides 
traditionally valued services such as viable fisheries, nurseries and water 
filtering capacity, the use of mangroves for coastal protection has also 
received attention (Mazda et al., 1997; Temmerman et al., 2013). 
Mangroves attenuate waves with their dense tree tissues, such as 
extensive aerial root networks and canopy (Bao, 2011; Horstman et al., 

2014; Quartel et al., 2007). Their complex root and branch structures 
reduce the wave velocity and can decrease wave height by 50% with 
every additional 100 m of forest (Mazda et al., 2006). The use of 
mangrove greenbelts for wave impact reduction is therefore often dis
cussed in literature and implemented in coastal zone management 
(Duarte et al., 2013; Narayan et al., 2016; Othman, 1994; Spalding et al., 
2014). However, mangrove vegetation itself is also vulnerable to high 
wave energy and does not typically occur along exposed coastlines 
(Chapman, 1976). This “vulnerable protectors” paradox can be easily 
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overlooked in management discussions debating the ideal width needed 
to obtain the desired amount of wave reduction on the landward edge of 
the mangrove forest. As a result, there may be clear specifications on the 
width of a protective mangrove greenbelt in various countries, but it is 
not always clear if and how such mangrove width can be sustained. For 
instance, Indonesia prescribes a mangrove greenbelt for coastal pro
tection to be 130 m times the annual average tidal range (Presidential 
Decree (Kepres) No. 32/1990), whereas the Philippines uses a minimum 
width between 50 m and 100 m as guideline for coastal mangroves (R.A. 
8550, P.D. 705, P.D. 953). Having such clear restrictions on the required 
wave-attenuating width of a protective greenbelt, requires tools to 
manage the mangrove forest width, especially under physically hostile 
conditions. Only by having an in-depth understanding of the environ
mental conditions that spark mangrove forest retreat and forest regen
eration can we develop the means by which to achieve sustainable and 
effective forest widths. 

Mangroves need an episodically occurring period of calm conditions 
to establish, a so-called Window of Opportunity (Balke et al., 2011). On 
a small scale, favorable conditions for natural mangrove establishment 
are nowadays well understood: mangrove seedlings need a window of 
opportunity in the form of an inundation-, wave-and erosion-free period 
to strand, root and anchor themselves to survive the first life stages 
(Balke et al., 2011). On a larger scale, such calm-and wave free condi
tions can frequently be found in relatively sheltered areas such as la
goons and estuaries. However, at seaward facing sites, such calm 
conditions will only occur rarely. That is, the presence of such episodic 
calm conditions may be expected to be driven by the seasons in com
bination with the foreshore morphology (van Bijsterveldt et al., 2020). 
As such, dynamic foreshore structures such as mud-banks, intertidal 
mudflats with or without chenier-sand-banks may be expected to play an 
important role in creating windows of opportunity for mangrove 
establishment. This is exemplified along the coastline of the Guianas, 
where the mangrove dynamics are dominated by fluid mud banks that 
originate from the Amazon river, and migrate west-ward along the coast 
(Augustinus, 1978). Mangroves extend seaward when sheltered by 
wave-dissipating intertidal mud banks and erode during exposed inter- 
bank stages (Anthony et al., 2010). Along the mangrove-mud coast of 
north Java, similar patterns of mangrove recruitment and mangrove die- 
back can be found in a relatively patchy and young mangrove forest (van 
Bijsterveldt et al., 2020). Here however, mud-banks are absent and the 
foreshore seems to be more dominated by intertidal mudflats with, in 
some cases, cheniers. 

Cheniers, bodies of sand sitting on top of intertidal mudflats, can 
potentially create shelter for mangrove recruitment along coastlines. 
However, cheniers are typically described as features of eroding 
mangrove coasts (Anthony et al., 2010). Sand is supplied in small 
amounts by rivers (Prost, 1989), but is only formed into cheniers when 
enough wave energy is present to rework the sediment (Augustinus, 
1978). Chenier formation has been observed at locations such as the Red 
River Delta, Vietnam (Van Maren, 2005), the Mississippi Delta (McBride 
et al., 2007; Russell and Howe, 1935), China (Liu Cangzi and Walker, 
1989), West-Africa (Anthony, 1989), North-Java (Tas et al., 2020; van 
Bijsterveldt, 2015), Australia (Woodroffe and Grime, 1999), and at the 
Suriname-Guyana coastline (Anthony et al., 2019; Augustinus, 1989). 
Along the Suriname coast, the wave-conditions driving chenier forma
tion are typically found during the erosive stages of mud-bank migra
tion, when mangroves are also eroded by the waves (Anthony et al., 
2010). Satellite images of the mangrove-mud coasts of Java suggest that 
cheniers might also be present during periods where parts of the man
groves expand, suggesting that the cheniers may take on a sheltering 
role, enabling mangrove expansion. However, intertidal mudflats also 
reduce waves at the coastline, and if they are of sufficient width, they 
may also provide the physical requirements for mangrove establishment 
(van Bijsterveldt et al., 2020). In this study, we aim to investigate in 
depth how foreshore characteristics such as intertidal mudflat width and 
the presence of cheniers relate to mangrove dynamics. We investigate 

this along the coastline of Demak, Central Java, Indonesia on two tem
poral and spatial scales (Fig. 1): (1) At the scale of the coastal system (i.e. 
in the order of 10s of kilometers) and yearly timescales, we used 
satellite-derived data in a Geographical Information System (GIS). (2) 
On a local and short-term scale (i.e. the order of 100 s of meters and a 
period of days), we used field derived data. 

2. Methods 

2.1. Field study: short-term cross-shore wave transformation with and 
without chenier 

2.1.1. Site description 
The coastline of Demak, North Java (Indonesia), is delimited by the 

city of Semarang in the South, and the Wulan River delta in the north 
(Fig. 1). Demak experiences a microtidal range of 1 m and a mixed, 
mainly diurnal, tide (Tas et al., 2020). The local wave conditions are 
mild during most of the year, except during the NW monsoon between 
November and March, when significant offshore wave heights reach up 
to 2 m (Van Domburg, 2018). The coastal area is mostly formed by fine 
muddy sediment, except for the presence of cheniers along the coast. To 
investigate the short-term sheltering effect of cheniers on a local scale, 
we measured wave transformation and erosion in two cross-shore 
transects that were installed in Demak, Java, Indonesia: one transect 
with a chenier, and one transect without a chenier (Fig. 2a). The location 
for the transects was selected in such a way that the hydrodynamic 
boundary conditions of the two locations was as similar as possible 
except for the presence of a chenier. Therefore, both transects started at 
a water depth of approximately 1 m with respect to MSL and were 
spaced 400 m apart along the coastline. The first transect started 260 m 
offshore from a chenier (chenier transect) and the second transect 
started at a similar depth and distance from the shoreline, but without a 
chenier (exposed transect) (Fig. 2b). 

The chenier transect featured two cheniers; one bare sand lens that 
consisted mostly of fine sand, ranging from 63.5 to 500 μm in grainsize 
(as measured from sediment samples of the top 3 cm, freeze-dried and 
analyzed using a Malvern Mastersizer 2000), and one vegetated chenier 
that consisted of a thin layer of sand on top of mud (Fig. 3). In the field, 
both cheniers were easy to walk on, although the layer of sand appeared 
thin. Jumping on top of the sediment caused the sand body to quiver, 
and when walking towards the landward side of each chenier, the sand 
became so thin that one could sink through the sand into the underlying 
mud. Along the seaward edge of the chenier (A2a in Fig. 2 a), a more 
consolidated mud layer was visible where the chenier sand had been 
eroded away by waves (Fig. A 1 a & b). A series of transparent cores, 
taken on the seaward side of the chenier transect for a different project 
in the dry season preceding this study, revealed that the subtidal fore
shore of the chenier transect (roughly between the later placed stations 
A1 and A2a) consisted of alternate layers of mud and sand (Fig. A 1 c), 
which seems to support the hypothesis presented in Tas et al. (2022) that 
cheniers are formed through sediment sorting. 

The exposed transect did not have an emerged chenier. However, the 
foreshore stations of the exposed transect (E1-E2 in Fig. 2 a) showed 
grainsize distributions with much more sand mixed through the sedi
ment than the stations seaward of the chenier in the chenier transect 
(A1-A2a in Fig. 2 a). This could indicate that the sediment at these 
stations were the remnants of an old chenier or the start of a new chenier 
forming in the exposed transect. 

The most landward station of the two transects was situated inside 
the mangrove forest. The sediment composition inside the mangrove 
stands of the two transects was very similar with a high silt content 
(>88%) at all sites (Fig. 3), although the forest stations in the exposed 
transect also contained fine sand (125–250 μm, 2 ± 0.2%) and very fine 
sand (62.5–125 μm, 7.6 ± 1.2%), indicating that the mangroves at the 
fringe of the exposed transect were subjected to more wave energy than 
the mangroves in the chenier transect. 
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Fig. 1. The coastline of Demak district (panel on the right), on the Indonesian island of Java. The two focus areas of this study are indicated by (1) the white box, 
indicating the focus area of the GIS study in which we studied large scale and long-term chenier effects, and (2) the black rectangle, pinpointing the location of the 
two cross shore transects in which we studied the small scale and short-term effects of cheniers. The picture in the lower left panel features a chenier in one of the 
transects, where small waves arrive on the seaward side (left) and distant mangroves are visible on the landward side (right). 

Fig. 2. Two cross-shore transects in the field with and without chenier a. Wave logger deployment locations are indicated in a drone image (indicated with white 
dashed outline, a Sentinel-2 image from two weeks later is used in the background) of the transect area in November 2017. The exposed transect did not feature a 
chenier (E1-E4) and showed mangrove die-back E5-E6. The chenier transect contained a chenier (A2a-A2c), a mangrove stand on an old chenier (A3a-A3b) and a 
mudflat with seaward expanding mangroves (A4-A6). b. Schematized bathymetry and instrument deployment along the exposed and chenier transect. 
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2.1.2. Data collection 
Wave loggers (OSSI Wave loggers and NIOZ, MARK III SED pressure 

sensors) were deployed along the two transects at equal distances from 
the mangrove border in both transects perpendicular to the coast in a 
north-west direction (Fig. 2b). Additional wave loggers were placed 
across both the bare and the vegetated chenier in the chenier transect, in 
order to measure wave propagation across these sheltering landscape 
features as well. Wave data were collected continuously with a fre
quency of 10 Hz during 8 days (November 26th-December 4th) during 
the 2017–2018 wet season, the most turbulent season of the year in 
terms of onshore waves, storms (MMAF, 2012) and coastal erosion (van 
Bijsterveldt et al., 2022). While the wet season typically lasts from 
November until March, the 8-day measurement campaign captured 
representative wet-season conditions (A 6), and included a storm event 
that caused extensive flooding of the whole area (Afifah and Hizbaron, 
2020). The average significant wave height was therefore determined 
for both the entire 8-day period, as well as for the storm on the 1st of 
December, between 00:00 and 05:00, giving insight into the impact of 
cheniers on average wet-season waves and on extreme storm waves. 

Forest parameters were recorded at the landward edge of each 
transect to typify the forest. We counted the number of seedlings (height 
< 0.5 m) per species and recorded the diameter at breast height (DBH) of 
individuals that were larger than 1 m. Individuals between 0.5 m and 1 
m in height were recorded as saplings. These species counts and DBH 
measurements were conducted in circular plots at the most landward 
station in the exposed and chenier transects after the wet season of 
2017–2018. Plot size differed between the exposed and chenier transect 
(78.5 m^2 and 38.5 m^2 respectively) due to difficulty to move around in 
the muddy sections of the chenier transect and the risk of trampling 
seedlings. Forest parameters were therefore corrected to counts per 
hectare (ha) to compare the two transects. 

2.1.3. Data analysis 

2.1.3.1. Processing hydrodynamic data. The pressure measurements 

from the wave loggers were corrected for the atmospheric pressure, 
using the air pressure data collected by a wave logger installed in a 
nearby tree. The offset of each instrument was determined by in-situ 
calibration: instruments were placed at one location, and water depth 
was measured manually at different moments of the tidal cycle for 
validation. After offset correction, the pressure measurements were 
transformed into water depth assuming a water density of ρ = 1024 
kg− 1 m3 and a gravitational acceleration of g = 9.8 m− 1 s2. The mean 
water levels were derived from the pressure signal, and the detrended 
pressure signal was then used to calculate the wave density spectra over 
19.5-min intervals. The significant wave height (H_m0), and peak period 
(T_p) were derived from the spectra of each interval. To compare the 
same wave conditions over the different stations, only those intervals 
were selected, during which all sensors (also the sensor on top of the 
chenier) were fully submerged at the same time. The wave heights 
during these submergence periods were then averaged over the duration 
of the storm (1st of December) and over the full 8-day measurement 
period. 

2.2. GIS study: the relation between intertidal foreshore features and 
mangrove dynamics 

2.2.1. Data collection 
To study the effects of cheniers and mudflats on mangroves over 

multiple years, we performed a GIS study on the coastline of Demak. 
Sentinel-2 satellite images were selected to study the effect of cheniers 
because 10 m is the highest resolution of freely available satellite images 
and a sufficient resolution for the detection of cheniers and changes in 
mangrove cover. All available Sentinel-2 satellite images during a 4-year 
period were therefore assessed for cloud cover in the research area and 
tidal level. Ultimately, only eight images could be selected based on 
cloud cover (<10%), low tide conditions and season (one post-dry- 
season and one post-wet season for each year). The exact tidal level at 
the moment of satellite image acquisition was obtained from a tidal 
harmonic analysis of the tide station of Semarang. To detect seasonal 

Fig. 3. Sediment grainsize distribution at each of the stations in the exposed and chenier transects.  
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changes in mangrove and mudflat dynamics, images were selected based 
on acquisition dates before the stormy wet season (Dec-Feb) and before 
the relatively calm season of the year: the dry season (Jun-Aug) and 
transitional seasons (Mar-May and Sep-Nov). 

2.2.1.1. Image classification. Satellite images were atmospherically 
corrected using Sen2cor software. Clouds and cloud shadows were 

removed from the images by masking QSC values produced by the 
Sen2Cor software. Then a normalized difference vegetation index 
(NDVI) band was computed for all selected Sentinel-2 images, and pixels 
for all bands outside the study area and the zone of interest were 
masked. The study area was restricted to the region of the tidal flat 
beginning from the coastal mangrove forest as it appeared in October 
2015, reaching 2 km out to sea in a northwest direction from the 

Fig. 4. Satellite image classification and validation to study mangrove response to chenier presence and mudflat width. a. The area of interest of the large scale and 
multi-temporal GIS study consisted of the area starting at every mangrove pixel at baseline (07-10-2015) until 2 km offshore (indicated with the black lined 
polygons). b. Close-up of a mangrove site featuring a mudflat and chenier on the RGB composite of one of the Sentinel-2 images of interest (15-11-2018, 02:59 UTC, 
water level: − 30 cm rel. to MSL). c. Classified Sentinel-2 image showing the same close-up area with mangrove cover (green), mudflat (beige), sand (yellow) and 
water (blue). d. Drone image (6-11-2018, 08:47 UTC, water level: − 15 cm rel. to MSL) of the field validation at this close-up site, with groundtruthing points on the 
chenier and mudflat and the outline of the emerged area during the drone flight. Another 7 validation sites were visited with the drone (indicated with the white 
filled rectangles in a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mangrove edge (Fig. 4a). Satellite images were then subjected to two 
steps of unsupervised classification, to cluster cells into four relevant 
classes in the study area: water, mud, sand and vegetation. 

These four classes are easy to distinguish manually from the satellite 
imagery (Fig. 4b), but the differences in background reflection between 
the different dates made it difficult to use fixed thresholds of a certain 
band to distinguish these classes consistently between the dates. For 
instance, one spot in the middle of a mangrove stand can have an NDVI 
of 0.3 in the satellite image of one date and 0.7 on a different date, with 
mudflats having an NDVI of up to 0.5. Using a threshold of NDVI = 0.3 
would therefore overestimate the mangrove cover on the second date, 
misclassifying sections of the mudflat as mangroves. To avoid this 
problem, we used an unsupervised classification tool (ArcGIS pro, Iso 
Cluster Unsupervised Classification Tool), which made it possible to 
automate the classification process for multiple images. 

The tool uses a combination of an iterative self-organising (iso) al
gorithm (migrating means clustering) and a multivariate analysis of the 
input satellite bands to classify the raster cells based on their statistical 
similarity (maximum likelihood classification)(ESRI, 2020). When only 
one band was fed into the tool, the statistical method clustered the image 
in a way that was very similar to a clustering based on “natural jenks” in 
the frequency distribution. These tool-properties were used to classify 
the images in two steps (Fig. A 2). For the first step, the masked Sentinel- 
2 images were clustered into 5 groups using only the NDVI band as input 
for the unsupervised classification tool. One cluster was then classified 
as vegetation, two clusters were classified as exposed sediment (either 
wet or dry bed) and two clusters as water (either with moderate or high 
levels of suspended sediment) (Fig. A 3). The exposed sediment group 
was subsequently used in the second step of the classification. The 
exposed sediment layer per Sentinel-2 image was used as a mask for all 
10 m and 20 m resolution bands per satellite image. These masked bands 
were then fed into the unsupervised classification tool, and subsequently 
clustered into a predefined number of sediment classes. Trial and error 
runs with various numbers of classes revealed that clustering the masked 
images into 8 groups consistently grouped “sand” into one class for all 
Sentinel-2 images (Fig. A 4). The signal of the “sand” cluster consistently 
showed a relatively high surface reflectance in the short wave infra-red 
(SWIR) bands in combination with a low to medium reflectance in the 
visible and near infrared bands, whereas the 7 mud clusters all showed a 
strong drop in surface reflectance between the near infrared and SWIR 
bands. This difference in SWIR reflectance between sand and mud is 
probably caused by the efficient drainage of sand in comparison to mud 
(Small et al., 2009). However, because we could not validate the 
different drainage levels of mud in the field, we added only the classes 
“sand” and “mud” to the first image classification resulting in a raster 
with classes: water, mud, sand and vegetation for every Sentinel image 
of interest (Fig. A 5). 

2.2.1.2. Validation of GIS classification. To validate the unsupervised 
classification we visited 8 sites within the study area in October and 
November 2018 with a drone to collect a total of 171 ground control 
points with a dGPS and high resolution imagery of the cheniers, mud
flats and vegetation at low tide (Fig. 4d). Ground control points were 
classified as mud or sand in the field. These points were then used to 

validate the sediment type as classified in the Sentinel image of 
November 2018. We determined the percentage of field stations that 
were classified correctly as sand and mud in GIS (the producer’s accu
racy), and we determined the percentage of test pixels from Sentinel-2 
that were classified correctly based on the sediment type in the field 
(the user’s accuracy (Table 1)). The user’s accuracy showed that 94% of 
the ground control points that were classified as mud from the Sentinel-2 
image were indeed muddy in the field, and that 83% of the locations that 
were classified as sand were indeed sandy in the field. Similarly, 94% of 
the sandy field locations were also classified as sandy based on the 
Sentinel-2 image and 85% of the muddy sites were classified as mud 
(Producer’s Accuracy). Overall, the accuracy of the classification was 
91% (kappa = 0.78, Lower 95%CI = 0.67, Upper 95%CI = 0.88). 

2.2.1.3. Definition of explanatory and response variables from GIS. The 
classified Sentinel-2 images were used to quantify the effect of the 
presence/absence of cheniers on changes in mudflat cover and 
mangrove border along the dominant wind-direction during the 
monsoon season, which is north-west (MMAF, 2012). In order to obtain 
information along this direction, a total of 3255 north-west bearing lines 
were drawn from every cell that contained mangroves at baseline in 
October 2015 (the first selected Sentinel-2 image available) in the whole 
project area from Semarang to the Wedung Delta (Fig. 4a). Each bearing- 
line contained sampling points every 14.14 m, based on the diagonal 
width of the Seninel-2 raster cells. The feature classification was sub
sequently extracted at each sampling point from each date’s classified 
raster with mangrove, mudflat, sand and water pixels. Bearing lines that 
contained clouds seaward of the mangrove border were excluded from 
further analysis. 

Mangrove cover change between the acquisition dates was extracted 
from the classified images and used as the response variable. Mangrove 
cover change was categorized into one of three relevant response classes 
between two consecutive points in time: the classes being: “expanding”, 
“stable”, or “retreating” if the number of vegetation cells between the 
mangrove-sea border at tn and tn+1 was respectively larger than -, equal 
to -, or less than zero. 

To obtain chenier presence-absence data and mudflat data, the 
classified images were subjected to a smoothing algorithm according to 
van Bijsterveldt et al. (2020), which excluded small patches (10–20 m 
wide) of a certain category, such as ships (classified as sediment) in the 
water, or puddles of water on the mudflat. The smoothed classified 
Sentinel images were then used to extract shelter-related variables from 
the images such as, chenier presence and mud-flat width per bearing line 
for each of the selected acquisition dates. These characteristics were 
obtained by quantifying the number of cells of that class from the 
mangrove border in seaward direction along each bearing line and 
multiplying that number by the cell length 14.14 m. 

2.2.2. Data analysis 

2.2.2.1. Hypothesis testing for the effect of cheniers and mudflats on 
mangroves. To test the hypothesis that the presence of cheniers and 
mudflats drive mangrove border dynamics, we performed a linear 
regression separately on each of the three possible mangrove states 

Table 1 
Error matrix resulting from sediment classification of exposed intertidal sediment in a Sentinel-2 image (November 15, 2018) and the sediment type observed in the 
field at 171 ground control points.    

Ground control data (known sediment types)    

Mud Sand Row total  
Classification data (from GIS) Mud 117 7 124 User’s accuracy Mud = 117/124 = 94% 

Sand 8 39 47 User’s accuracy Sand =
39/ 47 = 83% 

Column Total 125 46 171    
Producer’s Accuracy 
Mud = 117/125 = 94% 

Producer’s Accuracy Sand =
39 / 46 = 85%  

Overall accuracy = (117 + 39)/171 = 91%  
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(retreat, stable or expanding). For these models, we decided only to 
include wet-season data because the largest changes related to 
mangrove cover were expected during this season; the propagule 
dispersal peak inducing mangrove expansion occurs at the start of the 
wet season (van Bijsterveldt et al., 2022), and the most impactful storms 
that could induce mangrove retreat occur during this season. 

The response variable for each of the three models (mangrove 
expansion, stability and retreat) was the proportion of transects with 
that mangrove response occurring (e.g. mangrove retreat) for each 
unique combination of chenier stability and mean mudflat width. For 
example: mangrove retreat occurred in 33 out of 47 bearing lines 
without a chenier (0 years), and a mudflat width of 40 m wide. Mean 
mudflat width and chenier stability during the study period were thus 
added to each of the three linear regressions as explanatory variables. 
Chenier stability was defined as the number of years that a chenier had 
been present in a bearing line (0, 1 or ≥ 2 years). Mean mudflat width 
over the 4 wet seasons was log transformed and binned, to obtain groups 
of transects of similar size (a similar number of transects per unique 
mudflat width), to account for the log-normal distribution of mudflat 
widths (there were many transects with a small mudflat width and fewer 
transects with large mudflats). 

3. Results 

3.1. Field study: short-term cross-shore wave transformation with and 
without chenier 

3.1.1. Wave attenuation by cheniers 
An offshore wavebuoy (12 km offshore in NW direction) revealed 

that waves during the field campaign arrived from a north-west direc
tion (Fig. A 6), in line with each transect. The significant wave height 
(Hs) at the most seaward station of both transects was 0.5 ± 0.2 m on 
average during the field campaign, indicating that the boundary con
ditions during average wet season conditions of the two transects were 
comparable. The 8-day-averaged significant wave height (dashed line in 
Fig. 5) then dropped below 0.26 ± 0.06 m in both transects between the 
first two stations, where the foreshore of both transects was still com
parable in terms of sediment composition (Fig. 3) and profile (Fig. 5). 
From there on, the wave height remained stable in the exposed transect, 
only showing a strong drop at the mangrove edge between station E4 
(Hs: 0.24 ± 0.06 m) and station E5 (Hs: 0.15 ± 0.08 m), indicating that 
the waves break on the edge of the mangroves forest. This is further 
supported by Fig. A 8 (a), which shows a linear relationship between 
wave height and water depth at E5, characteristic of depth-limited wave 

Fig. 5. Average significant wave height at each of the stations across the exposed transect and the chenier transect during storm conditions on the 1st of December 
(solid lines) and on average during the 8 days measured (dashed lines). NB: This graph only displays the wave transformation over the chenier when all stations were 
fully submerged simultaneously, thus when the chenier was also submerged. The location of each of the stations is indicated with colors relative to the colors of the 
schematized bathymetry profiles on the right. Depth was only measured at the stations and is displayed relative to mean water level during the campaign. The lines in 
between the stations are estimates of the profile contour. 
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breaking. In contrast, the waves in the chenier transect already showed a 
strong drop at the chenier stations A2a, A2b, and A2c (Hs: 0.26 ± 0.06, 
Hs: 0.26 ± 0.06, and Hs: 0.14 ± 0.06 resp.), indicating that the waves 
break on the chenier. All stations landwards from A2a thus display a 
linear relation between water levels and wave heights (Fig. A 8 b). This 
resulted in a significant wave height of 0.13 ± 0.06 m at the mangrove 
edge of the vegetated chenier (A3a) and waves of 0.11 ± 0.04 m at the 
edge of the main mangrove forest (A4) of the chenier transect under 
average wet season conditions. The significant wave height at both of 
these mangrove stations was significantly lower (F = 229.9, df = 2, p <
0.0001) than the waves at the mangrove border in the exposed transect 
(E4, Hs: 0.24 ± 0.06). The full time series of wave heights and water 
levels at all stations can be seen in Fig. A 6 and Fig. A 7. 

3.1.2. Wave attenuation by cheniers under storm conditions 
In addition to the average wet season conditions, we plotted the 

wave conditions measured on the first of December separately in Fig. 5. 
On this day, the instruments detected a significant increase in water 
level and significant wave height. This signal was caused by cyclone 
Dahlia passing nearby, along the south coast of Java. The cyclone 
increased the water level 60 cm above mean sea level (Alferink, 2022), 
and the flooding that followed was reported by villagers to be the worst 
flooding in the last 30 years. During this storm, the chenier had a similar 
effect on the waves, decreasing the significant wave height by >10 cm 
(from 0.39 ± 0.07 m to 0.28 ± 0.06 m). As a consequence, the signifi
cant wave heights at the mangrove edge of the vegetated chenier (Hs 
A3a: 0.26 ± 0.07) and the edge of the main forest of the chenier transect 
(Hs A4: 0.21 ± 0.04) were both significantly lower (F = 12.94, df = 2, p 
< 0.0001) than at the edge of the mangrove forest of the exposed 
transect (Hs E4: 0.32 ± 0.05). Further landward from the chenier, the 
wave height also decreased over the vegetated chenier (from 0.26 ±
0.07 m to 0.18 ± 0.06 m) and between the two stations inside the 
mangrove forest (from 0.23 ± 0.07 m to 0.11 ± 0.03 m). This illustrates 
how the canopy of the young, shrub-like, trees are able to cause further 

wave attenuation during the high water levels of a storm. 

3.1.3. Forest characteristics behind cheniers 
The forest characteristics at the most landward stations were very 

different for both transects (Table 2); the chenier transect had a high 
seedling density of the two common Avicennia species in the area (Avi
cennia alba and Avicennia marina), whereas no seedlings of these species 
were found in the exposed transect. In the exposed transect, 20% of the 
mature trees were dead, mostly occurring at the edge, indicating 
mangrove retreat as a result of erosion. Saplings were completely absent 
from both forest plots, indicating that seedlings that had established 
before the wet season of 2017–2018 had not survived. 

3.2. GIS study: the relation between intertidal foreshore features and 
mangrove dynamics 

3.2.1. The multi-year net effect of cheniers and mudflats on mangrove 
dynamics 

The probability of mangrove expansion on a larger scale and over 
multiple years in relation to the presence of cheniers and the width of 
mudflats was investigated using linear regression. Both mean mudflat 
width and chenier stability proved to have a significantly positive 
impact on mangrove expansion (F = 33.1, df = 2 & 58, R2 = 0.52, p <
0.001). The probability of mangrove retreat decreased significantly with 
larger mudflat widths and more stable cheniers (F = 77.6, df = 2 & 58, 
R2 = 0.72, p < 0.001). The proportion of stable mangrove fringes was 
small under all foreshore conditions, indicating that mangroves tend to 
be dynamic, switching between a state of expansion or retreat, although 
mudflat width did have a positive effect on mangrove stability (F =
22.56, df = 2 & 58, R2 = 0.42, p < 0.001). Plotting the observed 
probabilities of each mangrove state shows that without a chenier and 
the smallest observed mudflat, the probability that mangroves retreated 
was much higher (70%) than the chance that they were stable (13%) or 
expanding (17%) (Fig. 6). However, mangrove forest retreat clearly 

Table 2 
Forest parameters at the most landward stations of the exposed and chenier transects after the wet season in 2017–2018.  

Transect Species Seedling Sapling Tree Tree Tree   

Density 
(ha− 1) 

Density 
(ha− 1) 

Density 
(ha− 1) 

DBH (±SD) (cm) Mortality (% of dead trees) 

chenier  A. marina 42,116 0 260 0.3 (0) 0 
R. mucronata 0 0 260 1.0 (0) 0 
A. alba 3120 0 1040 2.4 (2.1) 0 
Total 45,236 0 1560   

exposed  A. marina 0 0 1274 10.2 (6.6) 20 
R. mucronata 0 382 1529 1.7 (0.8) 0 
A. alba 0 0 0   
Total 0 382 2803    
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decreased with an increase in mudflat width, even in the absence of a 
chenier (chenier stability = 0 years). Without a chenier, mangroves were 
more likely to expand than retreat from a mudflat width of 110 m on
ward (95% CI: 76–183 m). This tipping point between mangrove retreat 
and mangrove expansion occurred at smaller mudflat widths when a 
chenier was present offshore. When a chenier was stable for one year in 
front of the mangrove fringe, a mudflat width of only 70 m (95% CI: 
35–145 m) was needed to flip the odds in favor of mangrove expansion. 
When a chenier had been present for two years or longer, this tipping 
point occurred at a mudflat width of 16 m (95% CI: 0–43 m). Therefore, 
the more stable a chenier, the larger the chances of mangrove expansion 
(Fig. 6). 

4. Discussion 

In this study, we investigated the effect of both i) cheniers and ii) 
intertidal mudflat width on mangrove dynamics, using i) wave mea
surements at cross-shore transects in the field and ii) multi-year satellite 
data on mangrove dynamics. Our field data show that existing cheniers 
reduce the height of the waves arriving at the mangrove fringe, thereby 
creating a shelter for mangroves as long as the chenier is present. Our 
GIS data confirm that the temporary shelter created by cheniers in
creases the chances of net mangrove expansion and reduces the occur
rence of mangrove retreat. In the absence of cheniers, a much wider 
intertidal mudflat is required to facilitate mangrove expansion. 

4.1. Local chenier effects: wave reduction and habitat creation 

The fact that offshore cheniers reduce the wave height at the 
mangrove fringe is in itself not unexpected. In sandy systems, sand banks 

and barrier islands are well known to cause wave height reduction at the 
shoreline (Short, 2001). However, the mechanism of wave height 
reduction over sandy offshore features is different from wave height 
reduction over muddy foreshores. Muddy foreshores cause wave atten
uation due to bottom friction caused by sediment resuspension and the 
absorbing effect of the liquid mud top layer (Sheremet and Stone, 2003), 
whereas the relatively steep and hard surface of sandy foreshores cause 
waves to break (Short, 2001; Wolf et al., 2011). These two wave 
reducing processes are seemingly combined in the case of sandy cheniers 
atop of a muddy foreshore, where wave height is reduced over the 
muddy foreshore (from A1 to A2a and from E1 to E2 in Fig. 5), before 
breaking on top of the sandy chenier (A2a-A2c, Fig. 5). The difference 
between the storm conditions and average wet season furthermore show 
how the effect of the chenier is influenced by the water depth. When a 
chenier is fully emerged during low tide it acts as a barrier, and the water 
surface on the landward side of the chenier is completely still (e.g. Fig. 1 
Field site picture). When a chenier is submerged, for instance during the 
measured wet-season conditions (dashed lines in Fig. 5), the chenier 
reduces the wave height (in this case by 10 cm). The absolute amount of 
wave reduction by the studied chenier remained the same (±10 cm) 
when the water level peaked during the storm of the 1st of December. 
However, proportionally the wave height reduction over the chenier 
was smaller during the storm, as the incoming waves were larger, ulti
mately allowing significantly larger waves to reach the mangrove edge. 
The chenier that was measured during this field campaign was relatively 
low in elevation. Cheniers can be dynamic both in position and height, 
as was demonstrated for a different chenier in our study area by Tas et al. 
(2020). A larger and higher chenier would be emerged from the water 
for longer periods of time during the day, and thus provide a more 
effective shelter from waves for the mangroves behind it than a smaller 
and lower chenier. Nevertheless, the field data show that even sub
merged cheniers have a clear sheltering effect on existing mangroves. 

The relatively calm backwater that is created by cheniers affects both 
mudflats and mangroves. The low wave height that was measured 
directly landward of the chenier in this field study is favorable for 
deposition of small sediment particles. The high silt content (Fig. 3) and 
the soft quality of the mud that were observed landward of the chenier 
(Table 2 picture) indeed suggest that cheniers facilitate mudflat for
mation in the area that they shelter. Mudflats in their own right are 
known to have a protective (Bouma et al., 2016; van Bijsterveldt et al., 
2020) and nursing role (Swales et al., 2007) towards mangroves. Un
fortunately, the size of intertidal areas has been declining on a global 
scale over the last 30 years as a result of, among others, coastal devel
opment, decreased sediment input, and increased drainage and 
compaction (Murray et al., 2019). The few tropical sites that show an 
expansion of intertidal area, also display a seaward migration of man
groves (Murray et al., 2019), illustrating the importance of a sizable 
intertidal area for mangrove development. Our GIS results showed that 
the likelihood of mangrove expansion indeed increased significantly 
with increasing size of intertidal mudflats, with mangrove expansion 
becoming more likely than mangrove die-back from an intertidal 
mudflat size of 110 m (95% CI: 76–183 m) onward in this microtidal 
system. In macrotidal systems the necessary intertidal mudflat width to 
support mangrove expansion might be larger, as deeper water at high 
tide allows for higher waves to reach the shoreline, though intertidal 
areas tend to be wider in such systems as well (Murray et al., 2019). 
Nevertheless, one third of the world’s tropical mangroves can be cate
gorized as micro-tidal and sedimentary (Balke and Friess, 2016), like the 
coastline of Demak. Therefore, the tipping points in mangrove expan
sion in relation to mudflat width found in this study could potentially be 
helpful in management of other micro-tidal mangrove forests around the 
globe as well. 

Fig. 6. Probability and 95% confidence intervals of mangrove response 
(retreat, stable or expansion) in relation to mean mudflat width (m, in bins) for 
various degrees of chenier stability (the number of years a chenier was present 
per transect) during the 4 year time frame of the study. The mean mudflat width 
required to make mangrove expansion more likely than mangrove retreat is 
indicated with a black vertical line in each panel. 
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4.2. Large-scale and long-term chenier effects: the importance of a calm 
wet season 

The data in this study revealed that the presence of a wide mudflat or 
the presence of a chenier can support net mangrove expansion over 
multiple years. However, this does not mean that the presence of a 
chenier or mudflat during a wet season necessarily results in mangrove 
expansion during that fruiting season. The latter requires also a Window 
of Opportunity to occur, consisting of an inundation-, wave-and erosion- 
free period to strand, root and anchor themselves, and thereby survive 
the first life stages (Balke et al., 2011). In the field, the forest charac
teristics at the most landward edge of the chenier transect showed that 
there had been no window of opportunity for mangrove growth during 
the previous season, because saplings were completely absent from the 
site. The absence of saplings, while seedlings were abundant, suggests 
that the seedlings that had established at the start of the wet season (and 
would have grown into saplings before this field campaign) did not 
survive this particular storm season. This observation indicates that, 
while cheniers and mudflats reduce wave height and promote mudflat 
accretion, successful mangrove establishment in the seaward direction 
remains an event-driven process. 

Satellite analyses support that the colonization of mangrove habitat 
occurs episodically and is therefore non-linear through time. Net 
mangrove expansion occurred primarily during only one wet season 
(2016–2017: A 5). During this wet season, a Window of Opportunity 
probably occurred due to the remarkably low maximum daily wind 
speeds of ±10 m/s (as retrieved from the Ahmand Yani airport station in 
Semarang (http://dataonline.bmkg.go.id/data_iklim). Thereby the dry- 
season-like wind speeds, though in onshore direction, coincided with 
the fruiting season of the common Avicennia species in the area, blowing 
the propagules towards the shore. The combination of available prop
agules and the presence of wide mudflats for establishment, followed by 
months of calm conditions were likely the cause of the positive 
mangrove cover change during that same season. This combination of 
favorable conditions resulted in a staircase-like appearance of the forest- 
canopy (e.g. Fig. 3d in van Bijsterveldt et al., 2020), caused by separated 
events of mangrove expansion interspaced by years of non-expansion. 
Non-linearity in seaward mangrove expansion is not uncommon, and 
has also described in the coastal system of the Guianas in South America, 
where migrating mud banks offer temporary shelter and habitat for 
mangrove expansion, interspaced with decades of non-shelter and non- 
expansion (e.g. Fig. 11 in Anthony et al., 2010). Similar periodic 
mangrove expansion, though by a different mechanism, has been 
observed in the Firth of Thames, New Zealand, where reduced wind and 
wave energy during the El Niño events of 1978–1981 and 1991–1995 
resulted in two major seaward forest expansion events (Lovelock et al., 
2010). Our findings therefore illustrate how seaward mangrove expan
sion can be induced by a combination of temporal shelter and temporal 
calm conditions. 

4.3. Management implications 

The observation that cheniers create temporary shelter for man
groves from waves, especially when they are stable over longer periods 
of time, has implications for mangrove conservation and restoration. For 
example, despite their role in mangrove establishment, cheniers have 
been mined to use their sand for construction in Demak, which deprives 
the coastline from their erosion mitigation function. Sand mining should 
thus be strictly regulated to maximize mangrove colonization and 
mitigate retreat. Conversely, mangrove persistence and expansion could 
be favored if existing cheniers are stabilized or supplied with sand from a 
sustainable source. Although artificial sand nourishments have been 
used as wave breakers before (e.g. Hwung et al., 2010), little is known 
about sand nourishments on muddy substrate, presumably because sand 
is relatively rare along muddy coasts. The tipping points for mangrove 
retreat at specific mudflat widths also have useful, and perhaps more 

feasible, implications for management. For instance, satellite imagery of 
low tide conditions or the use of a tidal flat change map as presented in 
Murray et al. (2019) (http://intertidal.app), could help coastal man
agers to assess the width of the existing intertidal foreshore along the 
coastline and identify locations where the mudflat width is low or 
decreasing rapidly. Those locations could then be targeted with fore
shore modification methods, such as nourishments (Baptist et al., 2019) 
or the erection of brushwood dams or fences, which are placed parallel 
to the coastline to trap sediment. The latter method has proven to be 
particularly effective along muddy shorelines (Winterwerp et al., 2020). 
So far, these structures have been intended to elevate mudflats high 
enough (> MSL) to restore mangrove habitat (Mancheño et al., 2022), 
but the insights gained in this study show that restoration of lower 
elevation mudflats could already be worthwhile to reduce the chances of 
mangrove retreat. Foreshore modifications that create wide intertidal 
foreshores may thus be useful measures to ascertain that wave- 
attenuating ecosystems such as salt marshes and mangroves become 
stable enough to be utilized in coastal protection schemes. 
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Appendix A. Appendices

A 1 A. Consolidated mud with cliff formation (+/− 10 cm) around the breaker zone at the seaward edge of the chenier before placement of station 
A2a. B. Sand to consolidated mud transition. Note how the footsteps get deeper towards the seaward edge of the chenier, where the sand layer on top 
of the mud becomes thinner. C. Picture direction of A and B, and a series of transparent cores taken on the seaward side of the chenier transect in the 
dry season prior to this study. Note how all cores contain a layer of sand (white lines), and below that, a muddy layer with intermixed layers of sand 
(dashed lines). The most seaward core and the core closest to the chenier also contain a thick layer of mud (black) on top of the mixed layers. 
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A 2 Flow chart of the steps for unsupervised classification of all Sentinel-2 images of dates of interest between 2015 and 2019 in 4 relevant classes 
(water, mud, sand and mangroves).

A 3 Histograms showing the number of pixels that were clustered into one of the 5 classes by the isocluster unsupervised classification tool based on 
maximum likelihood clustering of the NDVI rasters computed from each of the Sentinel-2 satellite images. 
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A 4 Spectral signals of each of the 8 clusters produced by the unsupervised classification step. The sand cluster distinguishes itself from the “mud” 
clusters by relatively high surface reflectance values in the SWIR bands (wavelength > 900 nm) and low to average reflectance in the visible 
(wavelength < 700 nm) and the near infrared spectrum (wavelength: 700–900 nm). The tidal stage at the time and date of image acquisition is 
indicated with a red dot within the tidal cycle of that date in the upper right corner of each panel.

A 5 NW bearing lines along which the information of the classified Sentinel-2 images is displayed, with mangroves (green), water (blue), mud 
(beige) and sand (yellow). These classified images are zoomed in on the site where the two field transects were deployed in November 2017. 

C.E.J. van Bijsterveldt et al.                                                                                                                                                                                                                  



Ecological Engineering 187 (2023) 106863

14

A 6 Time series of significant wave height (a), peak wave period (b), and wave direction (c) from an offshore buoy (Wave Droid) during the 
measurement campaign (shown with a black rectangle). Source: (Van Domburg, 2018). 
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A 7 Time series of the water depth in (a) the exposed transect, and (c) the chenier transect. Time series of the wave height in (b) the exposed 
transect, and (d) the chenier transect.

A 8 Ratio of significant wave height to water depth at (a) exposed transect and (b) chenier transect. 
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