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Abstract 21 

Successful mangrove tree regeneration is required to maintain the provision of wood for silviculturally 22 

managed mangrove forest areas and to ensure mangrove rehabilitation in disturbed areas. Successful natural 23 

regeneration of mangroves after disturbance depends on the dispersal, establishment, early growth and 24 

survival of propagules. Focusing on the Matang Mangrove Forest Reserve (MMFR) in Peninsular Malaysia, 25 
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we investigated how the location of a mangrove forest patch might influence the early regeneration of 26 

mangroves after clear-felling events that regularly take place on an approximately 30 year rotation as part 27 

of local management. We used Landsat-derived Normalized Difference Moisture Index (NDMI) annual 28 

time series from 1988 to 2015 to indicate the recovery of canopy cover during early regeneration, which 29 

was determined as the average time (in years) for the NDMI to recover to values associated with the mature 30 

forests prior to their clear felling. We found that clear-felled mangrove patches closer to water and/or to 31 

already established patches of Rhizophora regenerated more rapidly than those that were found farther 32 

away.   The study concludes that knowledge of the distribution of water (and particularly hydro-period) and 33 

vegetation communities across the landscape can indicate the likely regeneration of mangrove forests 34 

through natural processes and identify areas where active planting is needed.  Furthermore, time-series 35 

comparisons of the NDMI during the early years of regeneration can assist monitoring of mangrove 36 

establishment and regeneration, inform on the success of replanting, and facilitate higher productivity 37 

within the MMFR.    38 

 39 

Keywords: mangroves, mangrove regeneration, silviculture, spatial analysis 40 

 41 

Abbreviations 42 

GLS   Generalized Least Squares 43 

MMFR   Matang Mangrove Forest Reserve 44 

NDMI   Normalized Difference Moisture Index  45 

NDVI  Normalized Difference Vegetation Index 46 

SD  Standard Deviation 47 

SPOT  Satellite Pour l'Observation de la Terre 48 

UTM  Universal Transverse Mercator 49 

 50 

 51 
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1. Introduction 52 

Provision of wood for timber and poles has been a traditional use of mangrove ecosystems (Alongi, 2002, 53 

Walters et al., 2008, Saenger, 2002). Silviculture, among others, has been one of the primary drivers of 54 

mangrove restoration projects (Bosire et al., 2008, Ellison, 2000, Lopez-Portillo et al., 2017). Successful 55 

mangrove tree regeneration is required to ensure a sustainable silvicultural management in order to maintain 56 

the provision of wood.  57 

 58 

Successful natural regeneration of mangroves after a disturbance depends on the dispersal, establishment, 59 

early growth and survival of propagules and seedlings (Di Nitto et al., 2013, Sillanpaa et al., 2017, 60 

Tomlinson, 2016). Propagule dispersal requires a normal tidal flooding and sufficient propagules in 61 

adjacent mangrove stands (Bosire et al., 2008, Kairo et al., 2001, Lewis III, 2005) and, as with 62 

establishment, are affected by factors such as wind speed, freshwater discharge, geomorphology, trapping 63 

agents, propagule morphology, propagule predation, light and nutrient availability (Di Nitto et al., 2013, 64 

Komiyama et al., 1996, Sousa et al., 2007; Tomlinson, 2016, Van der Stocken et al., 2015, Van Nedervelde 65 

et al., 2015). 66 

 67 

Spatial information on the extent, state and dynamics of coastal environments is important for 68 

understanding the recovery of mangroves following  a disturbance (Rivera-Monroy et al., 2004) and other 69 

biological processes (Hickey et al., 2018, Kock et al., 2009, Ribeiro et al., 2009). Remote sensing data can  70 

provide such information over varying (sub-annual to multi-decadal) spatial and temporal scales 71 

(Cammaretta et al., 2018, Herold et al., 2005, Hickey et al., 2018). As such, these data have been used for 72 

land cover classification, species mapping, biomass, landscape metrics calculation and disturbance 73 

detection (e.g. Amir, 2012, Aslan et al., 2016, Bunting et al., 2018, Conchedda et al., 2008, Hamunyela et 74 

al., 2016, Hickey et al., 2018, Simard et al., 2019, Suyadi et al., 2018).  However, few studies have used 75 

spatial information extracted from remote sensing to study spatial trends in mangrove regeneration (Suyadi 76 

et al., 2018, Hickey et al., 2018), although there have  been many field-based studies (e.g. Kairo et al., 77 
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2001, Lewis III, 2005, Peng et al., 2016, Putz and Chan, 1986, Sillanpaa et al., 2017, Sousa et al., 2003; 78 

Sousa et al., 2007; Tomlinson, 2016).  79 

 80 

Focusing on the Matang Mangrove Forest Reserve (MMFR) in Peninsular Malaysia, this study aimed to 81 

establish whether forest regeneration rates varied within and between forest patches that were clear felled 82 

and, if so, whether recovery varied as a function of proximity to the cleared area, other mangrove forests 83 

(as a function of their species dominance), terrestrial (dryland) forests or water. Aziz et al. (2015, 2016) 84 

identified that some areas in the MMFR experienced different regeneration rates, which can impact the 85 

greenwood yield and carbon sequestration in the reserve. Although, mangrove regeneration at MMFR has 86 

been studied using ground-based forest inventories (e.g. Amir, 2012, Goessens et al., 2014, Gong and Ong, 87 

1995, Putz and Chan, 1986), the use of remote sensing data and the relationship between regeneration and 88 

proximity to other types of land cover has also not been studied. 89 

 90 

2.  Materials and Methods 91 

2.1 Study area 92 

The MMFR has been under management since 1902 (Chong, 2006). The reserve is a riverine mangrove 93 

forest of 27 different true mangrove species and provides ecosystem services such as wood provision for 94 

charcoal and pole production, coastal protection, conservation of flora and fauna, ecotourism, fishery 95 

maintenance and mangrove propagule production (Ariffin and Mustafa, 2013). The MMFR occupies an 96 

area of 40,288 ha and has a tropical climate with an average air temperature ranging from 22°C to 33°C 97 

(Ariffin and Mustafa, 2013). The rainfall rate is between 2,000 mm and 2,800 mm per year (Ariffin and 98 

Mustafa, 2013). Tides are semidiurnal with an amplitude of 3.3 m (Ashton et al., 1999). Medium height 99 

tides (2.4 to 3.4 m height above chart datum) inundate Rhizophora stands that are near the tidal creeks 100 

(Ariffin and Mustafa, 2013). Normal height tides (3.4 to 4 m height above chart datum) inundate extensive 101 

central mangrove areas that are normally composed by Rhizophora apiculata  Blume and Bruguiera 102 

mangrove trees (Ariffin and Mustafa, 2013). 103 
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The MMFR is divided into four different types of administrative zones: protective (17.4% of the total forest 104 

area in the Reserve), productive (74.8%), restrictive productive (6.8%) and unproductive (1%) (Figure 1a) 105 

(Ariffin and Mustafa, 2013). The productive and restrictive productive zones are exploited for timber 106 

extraction to produce charcoal and poles. These zones are composed of forests dominated primarily by R. 107 

apiculata and R. mucronata Lamk. The current silvicultural management consists of a 30 year rotation 108 

cycle with two thinnings at 15 and 20 years (Ariffin and Mustafa, 2013, Chong, 2006). The protective zones 109 

are not intended to provide wood for charcoal and pole production. The unproductive zones are lakes and 110 

infrastructure areas, including urban villages, charcoal kilns and offices  (Ariffin and Mustafa, 2013). 111 

 112 

The protective zones are composed of different mangrove formation communities (Ariffin and Mustafa, 113 

2013): (i) Avicennia-Sonneratia stands, (ii) Rhizophora stands and (iii) the dryland forest stands (Figure 114 

1b). (i) The Avicennia-Sonneratia stands are typically composed of young stands of Avicennia trees that 115 

are colonising the new mudflats. The dominant species in these stands are Avicennia alba Blume and A. 116 

officinalis L., although it is also possible to find patches of Sonneratia alba J. Smith within the clusters of 117 

A. alba and A. officinalis. These stands are inundated by all high tides (0 to 2.4 m height above chart datum) 118 

(loc.cit.). The size of these stands is 3,299 ha (loc.cit.). (ii) The Rhizophora stands within the protective 119 

zone are formations of R. apiculata and R. mucronata that are not under exploitation. R. apiculata is the 120 

dominant species and R. mucronata  is usually found along the banks of the tidal creeks and streams 121 

(loc.cit.). The size of these stands is 1,665 ha (iii) The dryland forest stands are the transition to inland 122 

forest. These stands are characterised by the predominance of dense patches of Acrostichum aureum L. on 123 

the forest floor with scattered pockets of dryland trees (Ariffin and Mustafa, 2013).  124 

 125 

Dryland forests stands are composed of 30 different tree species (Chan, 1989). Four out of the 30 tree 126 

species are major and minor elements of mangroves according to Tomlinson (2016) (see supplementary 127 

data Table S1). The dryland forest stands are inundated by equinoctial tides (4 to 4.6 m height above chart 128 
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datum) and are found in more elevated areas in the landward side. The dryland forest stands size is 2,291 129 

ha (Ariffin and Mustafa, 2013).  130 

 131 

Figure 1.  a) The management zones of the MMFR on the west coast of Peninsular Malaysia (based on Ariffin and 132 

Mustafa, 2013, Otero et al., 2019), with these referred to as productive, restrictive productive, protective and 133 

unproductive zones (Taken from Otero et al., 2019). The species composition of each zone differs, with the  134 

productive and restrictive productive zones comprised primarily of R. apiculata and R. mucronata species. The 135 

protective zones are more diverse in terms of mangrove species composition. Within the protective zones, the main 136 

types of forest occurring are  Avicennia-Sonneratia stands, Rhizophora stands and the dryland forest stands (Figure 137 

1b). The grey areas represent areas outside of the reserve. 138 

 139 
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The management plan of the reserve is defined every ten years and includes the planning of the thinning 140 

and clear-felling activities. The clear-felling activities are performed by approved charcoal contractors, who 141 

can choose the areas that they are going to harvest according to an order pre-defined via balloting (Ariffin 142 

and Mustafa, 2013, p. 48). The assignment of the areas to be clear-felled by certain contractors are included 143 

in the management plan as are maps that indicate the year when certain areas are planned to be cut. Each 144 

contractor receives an area between 2.2 ha and 6.6 ha to clearfell and extract wood to produce charcoal 145 

(Ariffin and Mustafa, 2013). The contractors are obliged to fell both the commercial (R. apiculata and R. 146 

mucronata) and non-commercial species (Bruguiera parviflora Wight & Arnold ex Griffith and Bruguiera 147 

cylindrica  (Linnaeus) Blume). In addition, the Forestry Department is in charge of weeding operations in 148 

recently clear-felled areas that have been colonized by Acrostichum ferns (Ariffin and Mustafa, 2013, p. 149 

58). 150 

 151 

The management implements a policy of active replanting, which is performed by qualified contractors 152 

who source and plant propagules (Ariffin and Mustafa, 2013, p. 53). The traditional method for replanting 153 

is to plant propagules directly. Planting using seedlings grown in plastic bags is used for problematic areas 154 

(e.g. those that are deeply flooded, contain significant populations of crabs and monkeys, or are contained 155 

within the restrictive productive zones) (Ariffin and Mustafa, 2013, p. 53). The decision on where to replant 156 

is based on the assessment of all clear-felled areas two years after a clear-felling event. If the natural 157 

regeneration is less than 90 %, Rhizophora propagules or seedlings (for problematic areas) are planted 158 

where needed (Ariffin and Mustafa, 2013, p. 55). Although this is the reported strategy, we were informed 159 

that the current reference for replanting is 70 % instead of 90 % (March 2019 by personal communication 160 

with a local officer). Rhizophora apiculata propagules are planted at a spacing of 1.2 m x 1.2 m, and 161 

Rhizophora mucronata propagules are planted at a spacing of 1.8 m x 1.8 m (Ariffin and Mustafa, 2013, p. 162 

55).  163 

 164 

 165 
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2.2 Mangrove regeneration 166 

In this study, we focus on the period of regeneration between the clearing event and the attainment of an 167 

areal canopy cover that is broadly equivalent to that associated with the mature forests prior to clearing.   168 

On this basis, we quantify the early recovery based on the Normalized Difference Moisture Index (NDMI) 169 

time series (Otero et al., 2019), as this has been shown to be indicative of percentage canopy cover (Lucas 170 

et al., 2019) This recovery time was defined as the number of years that the NDMI recovered to values 171 

observed prior to the clear-felling event. Therefore, only the first years of mangrove regeneration are 172 

quantified as the NDMI vegetation index saturates in dense vegetation (see Otero et al., 2019 for more 173 

details). 174 

 175 

Additionally, the map that contained the information of the year of clear felling (from Otero et al., 2019) 176 

was used to define the extent of the coupes, with each representing an area of mangrove forest that was 177 

clear felled in the same year. The recovery time was considered for each 30 m pixel associated with the 178 

Landsat sensor data and associated NDMI time series (Otero et al., 2019). 179 

 180 

2.3 Distances calculation 181 

For each coupe  defined using a pre-determined clear-felling map (Otero et al., 2019), the centre of each 182 

coupe was calculated using the Centroids tool available in QGIS (QGIS Development Team, 2018). 183 

Afterwards, for each centre, the following information was extracted (Figure 2): 184 

a. The coordinates of the centre projected in the Universal Transverse Mercator (UTM) Zone 47N, 185 

with each assigned with a unique ID 186 

b. The primary year of clear-felling for each coupe, based on Otero et al. (2019), noting that some 187 

coupes mapped in the management plan can be cleared over 2 or more years (Lucas et al., 2019) 188 

and hence the area of coupes created in a year may differ from that in the management plan. 189 
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c. The average and standard deviation of recovery time based on all the pixels within each identified 190 

coupe. This recovery time was defined as the number of years that the NDMI recovered to values 191 

observed prior to the clear-felling event (Otero et al., 2019). 192 

d. The straight line distance to the closest water body (i.e., sea, tidal creeks) based on a water mask, 193 

which was created from Landsat sensor data from 1988 to 2015 with the Normalized Difference 194 

Vegetation Index (NDVI) time series (from Otero et al., 2019). 195 

e. The distance to the closest Rhizophora stand, which was determined from two existing maps: (i) 196 

the management plan map that describes the protective zones and indicates the location of 197 

Rhizophora stands in these zones (green areas in Figure 1b), and (ii) the management plan map that 198 

describes the productive and restrictive productive forests that are mainly composed of Rhizophora 199 

species (Figure 1a). We combined the previous two maps in a single map that contained the areas 200 

where Rhizophora stands were considered to be present, noting that some changes or differences 201 

might have occurred since their production and/or because of errors in mapping respectively. 202 

Afterwards, we removed the areas that were clear-felled between 1989 and 2015 based on the clear-203 

felling map created by Otero et al. (2019). The result was a layer that contains the Rhizophora 204 

stands of the reserve that were not clear-felled between 1989 and 2015. 205 

f. The distance to the closest dryland forest stand within the protective zones based on the 206 

management plan map that describes the protective zones (Figure 1b). All the distance variables 207 

were calculated using the v.distance tool from GRASS available in QGIS (QGIS Development 208 

Team, 2018). 209 

 210 

We used the centres of each coupe as a proxy for its location, thereby minimizing border effects. 211 

Additionally, we found cases where the distance from a coupe centre to a Rhizophora stand or to dryland 212 

forest stands was zero and we removed these cases from further analyses (3 % of the cases in total). These 213 

cases were 1.3 % of all the centres for the distances to Rhizophora stands and 1.6 % for the distances to 214 

dryland forest stands. In the case of the Rhizophora forests, the centre of the coupe was outside the 215 
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corresponding coupe because the original coupe had an irregular shape and the centre was located inside 216 

another Rhizophora stand. In the cases for the dryland forest stands, we found coupes that were clear-felled 217 

in areas that, according to the management plan, are protective zones comprised of dryland forests. 218 

 219 

Figure 2. Workflow followed to calculate the attributes of each coupe. The clear-felling map, the recovery time map 220 

and the water mask were taken from Otero et al. (2019). The local management maps that contain the location of the 221 

productive, restrictive productive, protective and unproductive zones, and the types of forests within the protective 222 

zones were digitized using the printed maps available in Ariffin and Mustafa (2013). The distance measures used the 223 

location of the centre of each coupe, calculated using the Centroids tool available in QGIS. The distances to the 224 
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different types of land cover were calculated using the v.distance GRASS tool available in QGIS. The average and 225 

the standard deviation (SD) were calculated using the summary statistics tool available in QGIS. The letters 226 

correspond to the previous paragraphs. 227 

 228 

2.4 Spatial context analysis 229 

2.4.1 Univariate analysis  230 

We calculated four quartiles (25 %, 50 %, 75 % and 100 %) of the (i) average and (ii) standard deviation 231 

of the recovery time per coupe. We compared the distribution of these four quartiles for each of the 232 

distances calculated: to water, Rhizophora stands, and dryland forest stands. Medians of each quartile group 233 

of the recovery time were compared using the Wilcoxon Rank test because each quartile did not have a 234 

normal distribution (Shapiro-Wilk test, p-value<0.0001) for the average and standard deviation groups. 235 

These analyses were performed in RStudio version 1.1.456, R version 3.6.1 (RStudio Team, 2016). 236 

 237 

We repeated the previous analyses by grouping quartiles of similar average time and standard deviation of 238 

the recovery time. We grouped the first, second and third quartiles (i.e. 25 %, 50 % and 75 %) into one 239 

group. A second group was defined that corresponded to the fourth quartile (highest 25 % values). Medians 240 

of each quartile group of the recovery time were compared using the Wilcoxon Rank test. We used this 241 

statistical test because the distribution of each group did not have a normal distribution (Shapiro-Wilk test,  242 

p-value<0.0001). 243 

 244 

2.4.2 Multivariate analysis 245 

We used Generalized Least Squares (GLS) models to evaluate the influence of the different types of land 246 

cover in the recovery time. We tested the influence of the distance to water bodies, dryland forest stands 247 

and remaining Rhizophora stands in the average and standard deviation of the recovery time per coupe 248 

using two models (Equation 1 and 2): 249 

 250 
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(i) Average Recovery time  =  f  (distance to water, distance to dryland forest stands, distance to 251 

Rhizophora stands)     Equation 1 252 

(ii) Standard deviation Recovery time = f ( distance to water, distance to dryland forest stands, distance 253 

to Rhizophora stands)    Equation 2 254 

 255 

Both models were corrected for spatial autocorrelation by using a Gaussian structure in each one. 256 

Additionally, the Nagelkerke adjusted R2 was reported for each model (Magee, 1990, Nagelkerke, 1991). 257 

These statistical analyses were performed in RStudio version 1.1.456, R version 3.6.1, using the stats, nlme 258 

and rcompanion packages (RStudio Team, 2016). 259 

 260 

3. Results  261 

3.1 Distance calculation 262 

The spatial distribution of forests that were cleared in the same year (and hence identified as coupes) and 263 

their associated recover times based on the NDMI time-series is shown in Figure 3.  Only the coupes that 264 

recovered by 2015 are included in this study (i.e. 3,127 coupes). In total, 10,943 ha were clear-felled and 265 

for each coupe, the NDMI recovered to the values observed prior to clearing.  The average recovery time 266 

taking into account all the coupes (by 2015) was 5.6 ± 2.4 years. The median recovery time (interquartile 267 

range) was 5 years (4 - 7 years). The minimum recovery time was 2 years and the maximum was 23 years. 268 

Only two coupes had a recovery time of 23 years, which correspond to 0.36 ha in total.  269 

 270 
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 271 

Figure 3. Map of the coupes that represent the areas of the forest that were clear felled in the same year (a). The 272 

black lines indicate the borders of each coupe. The colours indicate the recovery time per coupe grouped by 273 

quartiles. Two detailed views of the areas indicated with a white rectangle in the top (Figure 3b) and another white 274 

rectangle in the centre (Figure 3c) are shown. The grey areas are outside the reserve. The white areas indicate places 275 

where no clear-felling events were detected or areas that were clear-felled but did not completely recover by 2015. 276 

 277 

The distance calculation to the closest forest stands and the closest water body is shown in Figure 4 and 278 

supplementary data S1 and S2. The closest forest stand could be a patch of dryland forest in the protective 279 

zones (supplementary material S2), or a Rhizophora stand in the productive, restrictive productive or 280 

protective zones (supplementary material S1). 281 
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 282 

Figure 4. The distance calculation from the centres of each coupe to the closest water bodies indicated in blue. The 283 

black lines indicate the shortest distance to a water body, the points indicate the centre of each coupe and the grey 284 

lines the borders of the coupes. The grey areas are outside the reserve. (b) A detailed view is shown which 285 

correspond to the orange square indicated in Figure 4a. The area of the reserve is indicated in white. 286 

 287 

3.2 Spatial context analysis 288 

3.2.1 Univariate analysis 289 

3.2.1.1 Univariate analysis for the recovery time 290 

The average recovery time distribution was grouped in its corresponding four quartiles. Based on those four 291 

groups, the distances to the different types of land cover were analysed (supplementary data Figure S3, 292 

Table S2 and Table S3). Afterwards, we regrouped the quartiles into two new groups: the fast and the slow 293 
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recovery time. The fast group included the first, second and third quartile, meaning that, coupes that 294 

recovered between 2 and 6.86 years. The slow group corresponded to the fourth quartile, with these 295 

associated with coupes that recovered between 6.87 and 23 years. We compared the fast and slow groups 296 

to the distances to the Rhizophora stands, the dryland forest stands and to the water (Figure 5). A positive 297 

relationship with distance was observed in certain locations, with faster recoveries associated with coupes 298 

that were closer to water and Rhizophora stands (Figure 5a, 5c). It is noteworthy that the difference in 299 

distance to Rhizophora stands between fast and slow recovery coupes was relatively small (30 m and 33.5 300 

m respectively). By contrast, coupes that were closer to dryland forest stands experienced slower recovery 301 

times (Figure 5b).  302 

 303 

We further analysed the differences between the fast and the slow recovery groups. Based on the Wilcoxon 304 

Rank Sum Test, a statistically significant difference was observed at the 0.05 level between the fast and the 305 

slow group for the distance to water bodies, dryland forest stands and the nearest Rhizophora stand (see 306 

Figure 5). 307 

 308 
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 309 

Figure 5. The box plots and the probability distribution of the recovery time groups. The relationship between the 310 

fast and slow recovery time groups and the distance to a) water bodies, b) dryland forest stands and c)  Rhizophora 311 

stands (Figure 5c) are shown. The fast recovery time group are coupes that recovered between 2 and 6.9 years, and 312 

the slow recovery time group are coupes recovered between 6.9 and 23 years. The p-value is indicated for the 313 

comparison between the median distance of the fast and slow recovery time groups to the three different types of 314 

land cover. 315 

 316 

3.2.1.2 Univariate analysis for the standard deviation of the recovery time 317 

The standard deviation of the recovery time was analysed based on the four quartiles of its distribution 318 

(supplementary data Figure S4, Table S4 and Table S5). The median value of the standard deviation 319 

(interquartile range) of the recovery time was 0.8 (0.42 - 1.47), the minimum standard deviation value was 320 

zero and the maximum 8.5. We regrouped the quartiles into two new groups, with these experiencing low 321 

and high standard deviations of recovery times. The low group included the first, second and third quartile, 322 
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with these being coupes with a standard deviation of the recovery time between zero and 1.47. The high 323 

group corresponded to the fourth quartile, meaning that, coupes in which the standard deviation varied from 324 

1.48 to 8.5.  We compared the low and high standard deviation groups to the distances to  Rhizophora 325 

stands, dryland forest stands and water (Figure 6). The coupes that were closer to water and Rhizophora 326 

stands had a lower standard deviation in the recovery time (Figure 6a, 6c). By contrast, the coupes that were 327 

closer to dryland forest stands had a higher standard deviation compared to the ones that are farther away 328 

(Figure 6b).  329 

 330 

We further analysed the differences between the low and high standard deviation groups. Based on the 331 

Wilcoxon Rank Sum Test, there is a statistically significant difference at the 0.05 level between the low 332 

and high standard deviation groups for the distances to water bodies, dryland forest stands and closest 333 

Rhizophora stand (Figure 6). 334 

 335 
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 336 

Figure 6. The box plots and the probability distribution of the standard deviation (SD) of the recovery time groups. 337 

The relationship between the high (1.48 to 8.5)  and low (0 to 1.47) standard deviation of the recovery time groups 338 

and the distance to a) water bodies, b) dryland forest stands and c) Rhizophora stands are shown. The p-value is 339 

indicated for the comparison between the median distance of the high and low standard deviation of the recovery 340 

time groups to the three different types of land cover. 341 

 342 

3.2.2 Multivariate analysis  343 

3.2.2.1 Multivariate analysis of the average recovery time 344 

The first GLS model was used to test the significance of each type of distance to explain the differences in 345 

the average recovery time per coupe. Based on the model, the distance to water bodies, dryland forests and 346 

Rhizophora stands contributed significantly to the changes in the average recovery time at the 0.05 level 347 

(Table 1). Coupes closer to water bodies and Rhizophora stands regenerated at a faster rate, whilst those 348 

closer to dryland forest stands were slower than those further away. 349 
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 350 

Table 1. GLS model results for the average recovery time. This model was corrected for spatial 351 

autocorrelation using a Gaussian structure (Adjusted R2 Nagelkerke = 0.061). 352 

Variable Coefficient p-value 

Distance to water (km) 0.896 ± 0.073 <0.0001 

Distance to dryland forest stands (km) -0.066 ± 0.033 0.042 

Distance to Rhizophora stands (km) 7.866 ± 1.127 <0.0001 

 353 

3.2.2.2 Multivariate analysis of the standard deviation of the recovery time 354 

The second GLS model was used to test the significance of each type of distance to explain the standard 355 

deviation of the recovery time per coupe. Based on the model, the distance to water bodies and Rhizophora 356 

stands contributed significantly to the changes in the standard deviation of the recovery time at the 0.05 357 

level (Table 2). The closer a coupe was to water bodies or a Rhizophora stand, the lower the standard 358 

deviation in the recovery time per coupe. By contrast, the closer a coupe was to a dryland forest stand, the 359 

higher the standard deviation of the recovery time per coupe. 360 

 361 

Table 2. GLS model results for the standard deviation of the recovery time. This model was corrected for 362 

spatial autocorrelation using a Gaussian structure (Adjusted R2 Nagelkerke = 0.069).  363 

Variable Coefficient p-value 

Distance to water (km) 0.245 ± 0.053 <0.0001 

Distance to dryland forest stands (km) -0.034 ± 0.027 0.2027 

Distance to Rhizophora stands (km) 6.497 ± 0.47 <0.0001 

 364 

 365 

 366 

 367 
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4. Discussion 368 

4.1 Distance calculation 369 

In this study we calculated the distances between the centres of areas that were clear-felled in the same year 370 

(i.e., coupes) and three different types of land cover: water bodies, dryland forest stands and Rhizophora 371 

stands. Two important considerations were made in order to calculate these distances. (i) First, this study 372 

used coupes (i.e., areas that were clear-felled in the same year) as the unit of analysis. We can rely in the 373 

information aggregated by coupes instead of pixels, as the average recovery time based on coupes is similar 374 

to the average recovery time using pixels as unit of analysis (5.6 ± 2.4 years based on coupes vs. 5.9 ± 2.7 375 

years based on pixels) (Otero et al., 2019). (ii) Second, the recovery time calculation was based on the 376 

NDMI, with this indicative of percentage canopy cover (Lucas et al., 2019) Therefore, it is only describing 377 

the behaviour of the first years of regeneration as vegetation indices saturate in dense vegetation (Baret and 378 

Guyot, 1991, Huete et al., 2002, Jackson et al., 2004). Nevertheless, we are able to capture differences in 379 

the recovery time prior to the saturation of the index and establish a relationship between these differences 380 

and the distance to different types of land cover such as water bodies, dryland forest stands and Rhizophora 381 

stands. 382 

 383 

4.2. Spatial context analysis 384 

We found a relationship between proximity to (i) water bodies, (ii) dryland forest stands and (iii) 385 

Rhizophora stands and the average and standard deviation of the recovery time per coupe. (i) The closer a 386 

coupe is to water, the faster the regeneration compared to the coupes that are farther away. Mangrove 387 

propagules are dispersed by water (Tomlinson, 2016) and can be carried towards the edges of a water body 388 

by the direction of the water runoff (Di Nitto et al., 2013, Sousa et al., 2007). Therefore, propagules can 389 

more easily accumulate and therefore establish on areas that are closer to the borders of water bodies. This 390 

phenomena could also explain why the closer a coupe is to a water body, the lower the standard deviation 391 

of the recovery time within the coupe compared to those farther away. Although the propagules could also 392 

be washed away by tides, they can be trapped by vegetation and remain on land (Chang et al., 2008, Di 393 
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Nitto et al., 2008, Di Nitto et al., 2013), which seems to be the case in our study area. Hickey et al., (2018) 394 

also observed the positive effect of the proximity to water in mangrove tree growth. They found that the 395 

closer a mangrove stand was to the water, the taller the trees compared to stands located further away from 396 

water bodies. As a result, higher estimates of biomass and carbon were observed in stands located closer to 397 

the water (Hickey et al., 2018). 398 

 399 

(ii) Coupes closer to dryland forest stands regenerated at a slower rate compared to those farther away. 400 

These forests are occasionally inundated by equinoctial tides and occur in more elevated soils on the 401 

landward side of the reserve (Ariffin and Mustafa, 2013, p. 30). Komiyama et al. (1996) and Sousa et al. 402 

(2007) reported lower establishment success of Rhizophora propagules at higher elevations due to higher 403 

soil hardness and difficulties for propagule rooting due to water standing in higher elevations. The 404 

topographic conditions in the dryland forests may not be suitable for establishment of Rhizophora 405 

propagules or these may be washed away by tides or freshwater discharge to lower elevation sites 406 

(Dahdouh-Guebas et al., 2000, Di Nitto et al, 2008, Di Nitto et al, 2013, Sousa et al., 2007). We also found 407 

that coupes closer to dryland forest stands have higher standard deviation in the recovery time within the 408 

coupe as compared to those farther away. Komiyama et al., (1996) reported that even small changes in 409 

topography, such as 35 cm, have an impact on Rhizophora propagule establishment. Therefore, variations 410 

in elevation within a coupe could already have an impact on the spatial patterns of propagule establishment 411 

within a coupe (Di Nitto et al., 2008, Sousa et al., 2007). 412 

 413 

(iii) Patch of Rhizophora trees were always able to be found close to every clear-felled area and therefore 414 

a natural supply of mangrove propagules is available (see supplementary material S1). The availability of 415 

propagules from adjacent mangrove stands is one of the key elements to ensure propagule dispersal (Bosire 416 

et al., 2008, Di Nitto et al., 2008). Moreover, we found that the standard deviation of the recovery time 417 

within a coupe is lower if that coupe is closer to a Rhizophora stand. Rhizophora propagules do not move 418 

by large distances from the parental tree, changing location from 2 to 20 m  (Chan and Husin, 1985, Sousa 419 
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et al., 2007). The difference in the median distance from a Rhizophora stand for the coupes that recovered 420 

with a lower standard deviation as compared to the ones with higher standard deviation is 12 m. This small 421 

change in distance can explained the differences in the variability in recovery times within a coupe. 422 

Although mangrove propagules are hydrochorous and could potentially travel large distances, the average 423 

travel inside mature stands could be small (Sousa et al., 2007). 424 

 425 

The relationships that we found between the recovery time and the proximity to different types of land 426 

cover based on the univariate analysis match the results obtained with the GLS models. The proximity to 427 

water and Rhizophora stands has a positive relationship with the recovery time between and within coupes. 428 

By contrast, proximity to dryland forest stands has a negative relationship with the recovery time between 429 

and within coupe. However, the explanatory power of the GLS models is very low. These models are only 430 

considering the proximity to different types of land cover to explain the recovery time. However, propagule 431 

dispersal and establishment are influenced by additional factors such as wind, currents, propagule predation, 432 

geomorphology, nutrient availability and salinity (Di Nitto et al., 2008, Di Nitto et al., 2013, Komiyama et 433 

al., 1996, Sousa et al., 2007; Tomlinson, 2016; Van der Stocken et al., 2015, Van Nedervelde et al, 2015). 434 

Though more studies are needed to further explain the influence of these factors on the variations of the 435 

recovery time, this study can guide the definition of new research questions and planning of new field 436 

studies that contribute to the understanding of the changes in the recovery patterns in the MMFR. 437 

 438 

4.3. Implication for the local management 439 

We found a relationship between the recovery time and the distance to different types of land cover. These 440 

insights about the regeneration of mangrove forests in the MMFR could guide future strategies implemented 441 

by the local management (e.g., evaluating the current replantation policy of the reserve). An option is to 442 

link the areas that required replanting with the coupes identified in this study and analyse if there is an effect 443 

of replantation of propagules in the recovery time. Also, future decisions on the distribution of productive 444 
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and protective zones in the reserve can be guided by this research (e.g. by taking into account the proximity 445 

to water and dryland forest stands to ensure a proper regeneration of mangrove stands after clear-felling). 446 

 447 

We found clear-felling events in 18 % of the area indicated to be dryland forest stands and 12 % in the area 448 

of Rhizophora protective stands. We digitized and georeferenced the map that describes the protective zones 449 

available in the management plan from 2010 to 2019 to create the digital version of the map of the protective 450 

zones. According to the local management, maps are updated for each management plan. For the last 451 

management plan (2010 to 2019), a mosaic of two Satellite Pour l’Observation de la Terre (SPOT) images 452 

from 2007 and 2009 was used to update changes in the distribution of river channels, new infrastructure, 453 

erosion, accretion, and boundaries of Avicennia, Sonneratia and dryland forest stands (Ariffin and Mustafa, 454 

2013, p. 33). However, we used Landsat annual time series from 1988 to 2015 to detect the clear-felling 455 

events and calculate the recovery time (Otero et al., 2019) and consider that time-series optical (Otero et 456 

al.,2019) and radar data (Lucas et al., 2019) can be used to provide new information on the changes in the 457 

reserve that cannot be captured by using a single image. Additionally, the changes that we observed in 458 

protective areas could be an indication that the current management plan maps require a more detailed 459 

update in certain areas. Moreover, the last management plan reported the species composition of the dryland 460 

forest stands based on the study by Chan (1989). We suggest that a reassessment of the current forest 461 

structure of the dryland forests is necessary, as well as a study of the topography of the MMFR. 462 

 463 

5. Conclusions 464 

In this study we were able to identify the relationship between the recovery time of different coupes and 465 

the proximity to different types of land cover. We found a positive relationship with proximity to water and 466 

Rhizophora stands, meaning that, the closer a coupe is to a water body or Rhizophora stand, the faster it 467 

recovered from a clear-felling event as compared to coupes that are farther away. By contrast, there is a 468 

negative relationship between the proximity to dryland forest stands and the recovery time. These results 469 

can be used by the local management to evaluate the current replantation policy, to guide monitoring 470 
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activities in protective and productive zones, and to guide decisions on the distribution of the areas to be 471 

clear-felled in the future.  This study recommends that satellite sensor data be more widely considered for 472 

mapping and monitoring the past and current dynamics of mangroves in the MMFR to assist management. 473 
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Supplementary data Spatial Analysis 1 

Table S1. Species composition of the dryland forests based on Chan (1989). Taken from the management 2 

plan from 2010 to 2019 (Ariffin and Mustafa, 2013). Trees indicated with * are mangroves major and 3 

minor components according to Tomlinson (2016). 4 

Species Density (trees/ha) 

Rhizophora apiculata * 141 

Heritiera littoralis * 130 

Ficus Microcarpa 123 

Flacourtia jangomas 77 

Oncosperma tigillarium 71 

Bruguiera gymnorhiza * 67 

Teijsmanniodendron hollrungii 53 

Barringtonia aisatica 49 

Ilex cymosa 31 

Planchonella obovata 28 

Petunga roxburghii 24 

Intsia bijuga 19 

Euodia roxburghii 18 

Canthium didymus 16 

Polylthia sclerophylla 9.8 

Cynometra ramiflora 8 

Terenna fragans 7.6 

Ardisia elliptica 4.9 

Pittosporus ferrugineum 3.6 

Ficus sundaica 2.2 

Glochidion perakensis 1.8 
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Vitex pinnata 1.8 

Eugenia kunstleri 1.8 

Eugenia leuxylon 1.3 

Ficus annulata 0.9 

Polyalthia glauca 0.9 

Ficus obscura 0.9 

Ficus bracteata 0.4 

Xylocarpus granatum * 0.4 

Ficus crassiramea 0.4 
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Figure S1. Distance calculations from the centre points to Rhizophora stands 22 

 23 

Figure S1. The distance calculations from the centre of the coupes to the closest Rhizophora stands 24 

(green areas). Two detailed areas are shown, (Figure S1b) indicated with an orange square in the top of 25 

Figure S1a, and (Figure S1c) indicated with an orange square on the bottom of Figure S1a. The white 26 

areas indicate places inside the reserve that were clear-felled between 1989 and 2015 or that are 27 

composed of another mangrove species such as Avicennia or Sonneratia. The grey areas are outside the 28 

reserve. 29 

  30 

 31 
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Figure S2. Distance calculations from the centre points to dryland forest stands 32 

 33 

Figure S2. The calculation from the centre of the coupes to the closest dryland forest (orange areas). Two 34 

detailed areas are shown, (Figure S2b) indicated with an orange square in the top of Figure S1a, and 35 

(Figure S1c) indicated with an orange square on the left side of Figure S1a. The area of the reserve is 36 

indicated in white, the grey areas are outside the reserve. 37 
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 40 
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Figure S3. Analyses of the four quartiles of the average recovery time distribution according to the 41 

distance to water bodies, dryland forest stands and Rhizophora stands. 42 

 43 

Figure S3. The box plots and the probability distribution of the recovery time quartiles. The relationship 44 

between the first (Q1), the second (Q2), the third (Q3) and the fourth (Q4) quartiles and the distance to a) 45 

water bodies, b) dryland forest stands and  c) Rhizophora stands is shown. The first quartile include the 46 

coupes that recovered between 2 and 4.18 years, the second between 4.19 and 5.21 years, the third 47 

between 5.22 and 6.86 years, and the fourth between 6.87 and 23 years. 48 

 49 

 50 

 51 

 52 



6 

Table S2. Comparison between the quartiles of the average recovery time distribution and the distances to 53 

different types of forest and to the water. The first quartile is indicated as Q1, the second as Q2, the third 54 

as Q3 and the fourth as Q4. We used a Wilcoxon Rank Sum Test as each quartile did not have a normal 55 

distribution for each type of distance (Shapiro-Wilk test, p-value<0.0001) 56 

Distance Q1 and Q2 Q2 and Q3 Q3 and Q4 

To water bodies p-value=0.4676 p-value=0.0001 p-value<0.0001 

To dryland forest stands p-value<0.0001 p-value<0.0012 p-value<0.0001 

To Rhizophora stands p-value<0.0001 p-value=0.0068 p-value=0.2478 

 57 

 58 

Table S3. Median distance (m) of each quartile of the recovery time distribution for each type of distance. 59 

The first quartile is indicated as Q1, the second as Q2, the third as Q3 and the fourth as Q4. 60 

Distance Median Q1 Median Q2 Median Q3 Median Q4 

To water bodies 499.07 482.25 611.98 843.43 

To dryland forest stands 1,183.92 1,398.66 1,190.06 635.84 

To Rhizophora stands 22.5 33 36.18 33.54 
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Figure S4.  Analyses of the standard deviation of the recovery time distribution according to the 70 

distance to water bodies, to dryland forest stands and Rhizophora stands 71 

 72 

Figure S4. The box plots and the probability distribution of the standard deviation of the recovery time 73 

quartiles. The relationship between the first (Q1), the second (Q2), the third (Q3) and the fourth (Q4) 74 

quartiles and the distance to a) water bodies, b) dryland forest stands and c) Rhizophora stands is shown. 75 

The first quartile include the coupes that have a standard deviation between zero and 0.42, the second 76 

between 0.43 and 0.8, the third between 0.81 and 1.47, and the fourth between 1.48 and 8.5. 77 

 78 

 79 

 80 

 81 

 82 

 83 



8 

Table S4. Comparison between the quartiles of the standard deviation of the recovery time distribution 84 

and the distances to different types of forest and to the water. The first quartile is indicated as Q1, the 85 

second as Q2, the third as Q3 and the fourth as Q4. We used a Wilcoxon Rank Sum Test as each quartile 86 

did not have a normal distribution for each type of distance (Shapiro-Wilk test, p-value<0,0001) 87 

Distance Q1 and Q2 Q2 and Q3 Q3 and Q4 

To water bodies p-value=0.0571 p-value=0.6149 p-value<0.0001 

To dryland forest stands p-value=0.1777 p-value=0.1993 p-value<0.0001 

To Rhizophora stands p-value=0.0003 p-value<0.0001 p-value=0.0004 

 88 

 89 

Table S5. Standard deviation of each quartile of the recovery time distribution for each type of distance. 90 

The first quartile is indicated as Q1, the second as Q2, the third as Q3 and the fourth as Q4.  91 

Distance Median Q1 Median Q2 Median Q3 Median Q4 

To water bodies 553.17 518.17 532.66 789.53 

To dryland forest stands 1,159.51 1,218.08 1,319.24 824.56 

To Rhizophora stands 22.5 27.86 38.97 42.49 
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